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Acidic Dissociation Constant and Related Thermodynamic 
Quantities for Monoethanolammonium Ion in Water 


From O° to 50° C 


Roger G. Bates and Gladys D. Pinching 


Twenty-three buffer solutions composed of approximately equal molal amounts of 


monoethanolamine (2-aminoethanol) and 


monoethanolammonium 
studied by electromotive-force methods at 11 temperatures from 0° to 50° C. 


water were 
The values 


chloride in 


obtained for the acidic dissociation constant, AKy,, of the ethanolammonium ion are given in 


this range of temperatures by 


log Ky,=2677.91/T +-0.3869 + 0.00042777 , 


where 7 is the temperature on the Kelvin scale. 


The changes of free energy, heat content, 


entropy, and heat capacity that accompany the dissociation of 1 mole of ethanolammonium 
ion in the standard state were calculated from the dissociation constant and its temperature 


coefficient. 
heat capacity. 


Dissociation of a mole of ethanolammonium ion results in a small decrease of 
In this respect ethanolammonium ion resembles ammonium ion rather than 


the methyl-substituted ammonium ions, for which rather large increases of heat capacity 


on dissociation have been found, 


I. Introduction 


During the past 20 years much attention has been 
given to the effect of temperature changes on the 
dissociation constants of neutral and negatively 
charged acids. These studies have given a precise 
knowledge of the thermodynamic quantities associ- 
ated with the dissociation of acids of these types. 
Nevertheless, the strengths of only a few positively 
charged acids have been measured both with the 
precision attainable by modern techniques and over 
a sufficiently wide range of temperatures to warrant 
the computation of the changes of entropy, heat 
content, and heat capacity that accompany the 
dissociation process. 

The dissociation of a monobasic cationic acid is 
an isoelectric reaction; a proton is shifted, but no 
new electrostatic charge is created. The electro- 
static contribution to the change of heat capacity, 
AC;, should therefore be zero, and it has been 
predicted that AC, for these dissociative processes 
would itself be found to be small or zero [1, 2].' 
Although this prediction was confirmed for ammo- 
nium ion [3], later studies of the methylammonium 
ions gave values of AC ranging from +33 j deg™ 


mole-' for monomethylammonium — to 183 
deg™' mole~' for trimethylammonium [4]. This 
discovery led Everett and Wynne-Jones to the 


conclusion [4] that specific interactions of a chemical 
nature among the solvent and the dissolved ions 
and molecules often exert a more profound influence 
upon the heat capacity than expected. 

Everett and Wynne-Jones attributed the positive 
valuesof ACY for the substituted ammonium ions to 
the strongly hydrophobic character of the alkyl groups. 
This hydrophobic property is reduced by substitution 
of hydroxy! on the alkyl group. Hence, it is of 


interest to compare the thermodynamic functions for 
the dissociation of ethanolammonium ion with 
those for ammonium and the methyl-substituted 
ammonium ions. The dissociation constant of 
monoethanolammonium ion and the basic strength 
of monoethanolamine were determined by the 
electromotive-force method from 0° to 50° C and the 
thermodynamic quantities for the dissociation 
processes calculated. The change of heat capacity 
for the dissociation of monoethanolammonium ion 


in the standard state at 25° was found to be —5 j 
deg™' mole~', not greatly different from that for 


ammonium ion. 


II. Method 


The method used was essentially the same as that 
by which the dissociation constant of ammonium ion 
was determined [5]. Electromotive-force measure- 
ments of the cell 


1 atm), HOC,H,NH,Cl (m,), 
AgCl (s); Ag, 


Pt; Hy, (g, 


HOC,H,N He (me), 


were made at intervals of 5 deg from 0° to 50 
The partial pressure of the amine from its aqueous 
solution was so low that no correction for volatility 
of the solute was necessary, and the extra saturator 
used in determining the dissociation constant of 
ammonium ion was not required. Furthermore, it 
was found that the correction for solubility of silver 
chloride in these buffer solutions is only about 
0.0006 in log Ky» (0.00004 v in the emf) and can 
therefore be neglected. 

The acidity function, pwH, was computed for 
each buffer solution at each temperature from the 


' Figures in brackets indicate the literature references at the end of this paper. emf, /, the standard potential of the cell, EE [5], 
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and the appropriate value of 2.3026RT7/F [5] by the 


equation 


pwH log (fufcmn E—E°)F/(2.3026RT)- 
log Mc, (1) 
where m is molality and f is the molal activity co- 


efficient. If the mass-law expression for the disso- 
ciation of ethanolammonium ion, (BH*), into etha- 
nolamine (B) and hydrogen ion, namely, 


BH*+=B-+H* (2) 
is combined with eq 1, the following relationship 
between the dissociation constant for eq 2, namely 
Ky», and pwH is obtained: 

log Ay =—pwH +-log (mgy+/ms,) 
log (fant fei-/fp).- (3) 


1. The Molality Term 


Inasmuch as the basic strength of ethanolamine 
is greater than the acidic strength of ethanolammo- 
nium ion, its conjugate acid, the solutions have an 
alkaline reaction. The basic dissociation is formu- 
lated as follows: 


B+H,O0=BH*+0OH-; (4) 
and the basic dissociation constant is designated 
K,. The concentration of hydroxyl ion evidently 


amine that has been 


Hence, 


measures the amount of free 
converted by reaction 4 into the ion BH* 


the equilibrium concentrations of B and BH* are 
Mput+ = M+ Mon (5a) 
and 
Mp=M.— Mon (5b) 
and the ionic strength, y, is given by 
be Mm, -+ Mon (6) 


The concentration of hydroxyl ion is easily computed 
by the approximation 
log A, +pwH, 


log mon 
where A, is the ionization constant of water [6]. 


2. The Activity-Coefficient Term 


The last term of eq 3 approaches zero at high 
dilutions. However, it is not feasible to omit this 
term and simply to extrapolate the sum of the first 
two terms on the right to zero ionic strength, for the 


last term contributes nearly 0.1 to log Ky at an 
ionic strength of 0.01, and accurate data are often 


unobtainable at ionic strengths below 0.01. The 
Hiickel equation [7] offers a practical means of 
estimating the activity-coefficient correction. The 
complete expression for Ay is obtained by combining 
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eq 3 with the Hiickel equation and with eq 5a and 5t 


log Ky, =—log Kyn—Bu=pwH 
a 9 
- Mi--Mon _ 2AvVu mm 
- - | Ra* 
Mo Mon } Ba Vu 


In eq 8, A;, is the apparent value of Ay, the thermo 
dynamic dissociation constant; A and B are con 
stants of the Debye-Hiickel theory [8]; and a* and | 
are adjustable parameters. When too large a valu 
of the ion-size parameter, a*, is used, a plot of th 
right side of eq 8 as a function of ionic strength i 
concave downward. For too small values of a*, th 
curve is concave upward. At each temperature, the 
intermediate value of 1.0 furnished straight lines 
which were easily extended to an ionic strength ol 
zero. The data for five temperatures are plotted in 
figure 1. 
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zero ionic strength at O°, 10°, 25°, 35°, and 50°. 


III. Experimental Procedures and Results 


Monoethanolamine (2-aminoethanol) was distilled 
twice at atmospheric pressure and the middle third of 
the distillate collected. Two stock solutions of the 
amine in carbon dioxide-free water were used in pre- 
paring the 23 buffer solutions. These two solutions 
were stored in paraffin-lined flasks and were protected 
from contamination by atmospheric carbon dioxide 
and guarded from strong light. Each stock solution 
was standardized by we ight titration with a solution 
of distilled hydrochloric acid which, in turn, had been 
standardized by weighing the chloride as _ silvet 
chloride. The sodium salt of me thyl red was 
chosen as indicator. 
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The buffer solutions were grouped into five series. 
The most concentrated solution of each series was 
prepared by mixing accurately weighed portions of | 
amine solution and hydrochloric acid solution. 
Amine and acid were combined in the ratio of 2 
moles to 1. The other solutions of each series were 
formed by weight dilution of the most concentrated 
solution with carbon dioxide-free water. 

The two electrode compartments of the cells were 
separated by a stopcock of large bore [5], and air was 
excluded from the cells during the operations of 
rinsing and filling. The preparation of the hydrogen 
and silver-silver chloride electrodes has been de- 
scribed [9]. | 

The solubility of silver chloride in a 0.1-M solution 
of the amine was determined in the following manner. | 
Freshly precipitated silver chloride was digested | 
overnight at about 90°, washed five times with water, | 
and filtered. An excess of the product was added | 


| 
| 
} 
| 


to 200 ml of the amine solution and the mixture 
shaken vigorously several times over a period of 
about 18 hr. A clear sample of the supernatant 
solution was withdrawn, acidified with nitric acid, 
and the precipitated silver chloride was collected, | 





dried, and weighed. One liter of a 0.1-. solution 
of the amine was found to dissolve 0.0021 mole of 
silver chloride, or about one-third as much as a 
0.1-/ solution of ammonia. Hence, the correction 
for solubility could safely be omitted. 

The values of pwH listed in table 1 were calculated 
by eq 1 from the measured emf and the chloride 
molality (m,). With a*=1 and mog obtained by eq 
7, —log Kj, was derived by eq 8 from each experi- 
mental measurement and plotted with respect to 
ionic strength as shown in figure 1. The slopes, 


—8, of these straight lines were measured at each 
temperature and used to compute —log A,, for each 


solution (eq 8). The averages of these 22 or 23 
values are summarized in the second column of 
table 2, together with the mean deviation from the 
average value at each temperature. The _ third 
column gives K,,, whereas the last two columns 
list the negative logarithm of the basic dissociation 
constant of ethanolamine, —log AK, (compare eq 4), 
and K,, respectively. The basic constant was 
obtained from A, and the ionization constant of water 
[6] by the equation 


Ky = Ky/ Kon. (9) 





TABLE 1. pwH for aqueous miztures of ethanolammonium chloride (m,) and ethanolamine (m:) from 0° to 50 
pwHi at 
my ms — _ — 
0 5 10 15 20° 25 30 35 40° 45 it) 

0. 07648 0. 07533 10. 5168 10. 3459 10. 1802 10. 0195 9. 8645 9. 7160 9. 5699 9. 4315 9. 2060 9. 1670 9.0413 
, 07646 O7551 22 10. 3496 10. 1817 10. 0203 9. 8627 9.7173 9. 5685 9. 4290 9. 2938 9. 1644 9. 0382 
06699 068599 10. O72 10. 3360 10. 1698 10. 0093 9. 8540 9. 7051 9. 5599 9. 4202 9. 2649 9. 1554 9. 0297 
06263 06185 10. 5053 10. 3332 10. 1646 10. 0030 9. S471 9. 6999 9. 5541 9. 4149 9. 2793 9. 1491 9. 0226 
0.5690 05605 10. 4940 10. 3222 10. 1562 9. 9963 9. 8414 9. 6921 9. 5472 9. 4074 9. 2729 9. 1437 9. 0181 
04746 04717 10. 4880 10. 3159 10. 1498 9. GRS6H 9, 8328 9. 6833 9. 5376 9. 3984 9. 1323 9. 0058 
O47 41 04732 10. 4874 10. 3140 10. 1469 9. 9R55 9. 8292 9. 6836 9. 5360 9. 3943 9. 1301 9. 0014 
04740 04767 10. 4911 10. 3184 10. 1520 9. 9920 9. 8365 9, 6872 9. 5409 9. 4017 ¢ 9. 1373 9. 0110 
04055 04005 10. 4724 10. 3001 10, 1319 9. 9724 9. 8163 9. 6463 9. 5221 9. 3820 9. 2457 9. 1151 8. OR76 
. 03858 . 08858 10.4724 10. 2992 10. 1310 9. 9698 9. 8133 9. 6660 9. 5193 9. 3784 9. 2444 9.1151 8. 9890 
03746 03700 10. 4648 10. 2929 10. 1247 9. 9614 9. 8029 9. 6601 9. 5123 9. 3720 9. 2377 9. 1083 8. 9826 
03440 03389 10. 4584 10. 2861 10. 1200 9. 9595 9. 8043 9. 6535 9. 5099 9. 3698 9. 2340 9. 1044 8. 97R2 
03253 03232 10. 4590 10. 2861 10. 1193 9. 9578 9. 8001 9. 6525 9. 5074 9. 3681 9. 2322 9. 1031 8. 9758 
03116 . 03110 10. 4586 10, 2857 10. 1170 9. 9559 9. 7996 9. 6541 9. 5036 9. 3638 9. 2279 9%. 1002 8. 9717 
. 02765 02780 10. 4539 10, 2817 10. 1150 9. 9546 9. 7989 9. 6482 9. 5008 9. 3609 9. 2243 9. 0947 8. 9673 
. 02077 02073 10. 4316 10. 2613 10. 0936 9. 9323 9. 7770 9. 6293 9. 4802 9. 3377 9. 2006 9. 0668 8. 9398 
02032 02002 10. 4249 10. 2530 9. 6219 e 9. 1952 9. 0648 8.9387 | 
018619 . OINT25 10. 4296 10, 2562 10. 0889 9. 9291 9. 7736 9. 6232 9. 4751 9. 3356 9. 1990 9. 0704 8. 9435 
O13871 013700 10. 4034 10. 2310 10. 0646 9. 9028 9. 7461 9. 5064 9. 4493 9.3104 9. 1736 9. 0427 8.9168 | 
013494 013469 10. 4033 10. 2304 10. 0635 9. 9019 9. 7463 9. 6009 9. 4491 9. 3085 9.1744 9. 0444 8. 9155 } 
0109044 . OLOR77 10. 3956 10. 2230 10. 0557 9. 8925 9. 7342 9. 5900 9. 4390 9. 2997 9. 1627 9. 0330 8. 9054 
009510 . 009565 10. 3946 10, 2220 10. 0549 9. 8945 9. 7384 9. 5RS4 9. 4426 9. 3031 9. 1672 9. 0372 8. 9105 
007042 . 006998 10. 3768 10. 2043 10. 0373 9. 8759 9.7175 9. 5710 9. 4239 9. 2843 9. 1477 9. 0185 8. 8913 

TaBLeE 2. Summary of the dissociation constants of | The dissociation constants given in the second 


ethanolammonium ion and ethanolamine from O° to 50° 


Temper- 


log Koa Koa X10'° ~—log Ky K»x105 
ature 
°C 
0 10. 3064 +0. 0014 0. 494 4.637 2.31 
5 10. 1341 +0. 0013 734 4. 600 2. 51 
10 9.9654 +0. 0011 1. 0&3 4. 570 2. 69 
15 9.8037 +0. 0016 1. 571 4. 542 2. 87 
20 9. 6467 +0. 0027 2. 26 4. 520 3.02 
25 9. 4980 +0. 0009 3.18 4. 498 3. 18 
30 9.3485 +0.0018 4.48 4. 484 3. 28 
55 9. 2082 +0. 0020 6.19 4.472 3.37 
40 9.0702 +0. 0021 &. 51 4. 465 3.43 
45 8.9401 +0. 0021 11. 48 4. 456 3. 50 
) 8.8130 +0. 0031 15. 38 4.449 3. 56 





column of table 2 may be expressed by the following 
equation, valid from 0° to 50°: 

—log Ky,=2677.91/T+0.3869+-0.0004277T, (10) 
where 7 is the temperature on the absolute (Kelvin) 
scale: 7T=°C+273.16. The constants of eq 10 
were determined by the method of least squares. 
The average difference at the 11 temperatures 
between the observed log K,, and the calculated 
value was 0.0010. 

Simms [10] found 9.470 for —log K,, at 25° from 
the emf of cells with hydrogen and calomel electrodes, 
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whereas Glasstone and Schram [11] obtained 9.45 
from measurements made with the glass electrode. 
Bruehlman and Verhoek [12] determined —log Ky, 
in a 0.5-M solution of potassium nitrate from data 
obtained with the glass electrode, and reported 
values of 9.74 at 25° and 9.51 at 35°. Apparently 
the most precise and extensive of the earlier investi- 
gations of the dissociation of ethanolamine is that of 
Sivertz, Reitmeier, and Tartar [13], who determined 
K, at 25° from measurements of the electrolytic 
conductance of aqueous solutions of ethanolamine 
and ethanolammonium chloride. Their result leads 
to a value of 9.500 for —log A, , in excellent agree- 
ment with 9.498 given in table 2. 

Several factors combine to determine the effect of 
substituents on the strength of organic bases. Some 
of the most important are polar (inductive) effects, 
resonance, electrical repulsion, solvation, and steric 
effects [14 to 19]. As a result of their electron- 
donating or electron-attracting powers, substituent 
groups increase or decrease the base strength, in the 
Lewis sense, of the nitrogen atom of ammonia. This 
nitrogen atom is itself so strongly electron-attracting 
that each hydrogen atom of ammonia acquires a 
definite positive charge. Their combined repulsions 
make ammonia a weak base. On the other hand, 
the basic strength of ethylamine is 26 times as great 
as that of ammonia. Not only does the ethyl group 
have a small electron-donating effect, but substitu- 
tion also reduces considerably the net repulsions of 
the hydrogens. The electron-attracting power of 
the hydroxyl group is-relatively large, however, and 
consequently ethanolamine is only one-fourteenth as 
strong a base as ethylamine, or about twice as strong 
as ammonia. 


IV. Thermodynamic Quantities 


The thermodynamic quantities for the dissociation 
of ethanolammonium ion (eq 2) in the standard state 
were computed from the constants of eq 10 by ap- 
plication of the usual formulas [5]. The results are 
summarized in table 3. The thermodynamic func- 
tions at 25° for the basic dissociation of ethanol- 
amine in water (eq 4) are obtained by subtracting 
the values given in table 3 from the corresponding 
quanties for the ionization of water at 25°. The latter 
are listed in calories by Harned and Owen [6] and are 
converted to joules by multiplying each figure by 
For the basic dissociation, AF® is found to be 


4.1840. 
25,675 j mole~', AH7° is 6,023} mole’, AS® is —65.9 j 
deg mole™', and AC; is —190j deg~ mole’. These 


values do not differ greatly from those for the basic 
dissociation of ammonia [5}.’ 


45 j mok 1S 6.4 j ‘deg-' mole~', and AG3= 
omitted from AC> in table 


? For ammonia, AH 43 
—195 } deg-! mok he negative sign has been 


7 of (5) 
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TABLE 3. Thermodynamic quantities for the acidic dissociat om 


of ethanolammonium ion 


Temver-| ar MH AS AC 
iture 
c j mole j mole deg™' mole j deg-' mole 
0 53, 902 MO, 657 11. 8&8 a 
5 53, O62 MD), 634 11. 06 46 
10 54, 023 MO, 611 12.04 4.6 
15 54, O82 50, 588 12.13 4.7 
20 54, 144 50, 564 12. 21 4.8 
25 54, 205 50, 540 12. 29 4.9 
30) 4, 267 MM), 515 12.37 5.0 
35 54, 327 ‘, 492 12. 45 5.0 
40 54, 391 50, 465 12. 54 5.1 
45 4, 454 50, 439 12. 62 . 2 
0) 54, 51 50, 413 12. 70 


The change of heat capacity that accompanies the 
dissociation of ethanolammonium ion is found to be 
small and negative, in contrast to the rather large 
positive values for the methyl-substituted ammonium 
ions [4]. This difference can be attributed to dif- 
ferences in the chemical properties of the two amines 
Widely different values of AC? are often found for 
a series of neutral acids or for negatively charged 
acids, even though the individual dissociation reac- 
tions are of the same electric type. The close corre- 
spondence between the heat-capacity changes for the 
dissociation of ammonium and ethanolammonium 
ions may signify a reduction, by the OH substituent. 
of the hydrophobic character of the alkyl group to 
which Everett and Wynne-Jones ascribe the positive 


values found for the methyl-substituted am- 
monium ions. 
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Ultraviolet Spectral Distribution of Radiant Energy 
From the Sun 


Ralph Stair 


This paper gives the results of some preliminary measurements on the ultraviolet 


spectral energy distribution of direct solar radiation at Washington, D. C. 


Data are given 


for wavelengths extending below 300 millimicrons for air masses approximating M= 1.4, 
The new equipment and method employed in this work permit the rapid acquirement of a 
prismatic ultraviolet spectral energy curve at sea level showing greater Fraunhofer struc- 
ture than previously obtained even at desert and mountain stations. 

Other applications of this equipment, for example, in the study of total ozone and in 
sky-light spectral-energy distributions are suggested 


I. Introduction 


The determination of the ultraviolet spectral radi- 
ant energy of sunlight has long been a subject of 
considerable interest. Nevertheless, but few meas- 
urements for wavelength regions shorter than about 
330 or 340 my have been recorded in the literature 
{1 to 7]. This is easily understandable, since double 
quartz prism spectrometers suitable for the auto- 
matic and rapid recording of low spectral intensities 
have not been generally available until quite recently. 
The best radiometric data previously published, 
extending to wavelengths shorter than 300 may, are 
those of Pettit [1]. Although they were obtained at 
high altitudes the low sensitivity of the radiometer 
necessitated the use of wide optical slits (spectral 
width usually 5.0 to 10.0 my) and long response times. 

The solar spectrum, when photographed with a 
good grating spectrograph, shows a continuous 
spectral energy distribution on which are superim- 
posed thousands of Fraunhofer lines and bands [8, 9]. 
These features are much too numerous to be detected 
separately by a prism spectrometer. The prism 
averages the spectral energy over a wavelength 
interval corresponding to the effective slit width of 
the instrument. Hence in spectral regions in which 
the Fraunhofer lines are numerous and have intense 
absorption, depressions will occur in the energy curve 
observed with a prism spectrometer. The character 
of the observed curve will be significantly affected 
by the slit width employed. In general, the narrower 
the slit width the more detailed will be the structural 
character of the observed spectrum. 

The data on the ultraviolet solar energy curve 
recorded in this paper were obtained between 10:00 
a. m. and 12:00 noon during October 1950, when the 
sun was shining through clear atmosphere associated 
with high-pressure conditions. Since the purpose of 
this investigation was primarily to determine the 
possibilities of the available equipment in work of 
this type rather than to acquire extensive data, the 
instruments have not been removed to a location 
having day-long clear access to direct solar rays. 


Figures in brackets indicate the literature references at the end of this paper 


II. Instruments and Methods 


The apparatus employed in this investigation 
consists of a Farrand double quartz prism spectro- 
meter, RCA type 935 phototube, 510-cycle light 
modulator, tuned amplifier and auxiliary meters, and 
recording apparatus (see fig. 1), set up and calibrated 
as described elsewhere [19], except that a heliostat 
was employed for keeping sunlight reflected into the 
entrance slit of the instrument. For this purpose 
the entrance slit of the instrument was placed toward 
the south and the heliostat arranged so that a beam 
of direct sunlight reflected from a plane chrom- 
aluminized mirror fell upon the center of the first 
lithium-fluoride-quartz collimating lens of the instru- 
ment. The spectral energy response characteristic 
of the complete instrument, including the heliostat 
mirror and phototube, were determined by using a 
standard tungsten-filament-in-quartz lamp [19, 20] 
calibrated for color temperature [11] and evaluated 
for spectral emission in the ultraviolet with the 
application of spectral emissivity data for tungsten 
[12 to 15] (see table 1). In this calibration the 
radiant energy from the standard lamp was reflected 
into the spectrometer by the heliostat mirror. The 
lainp distance was arranged so that the illuminated 
area of the collimating lens approximated that 
illuminated by direct sunlight. 

No refracting lens or mirror was employed to 
produce an image of the sun on the entrance slit of 
the spectrometer because an integrated solar energy 
spectrum was desired. Although a small area of 
the sky surrounding the sun contributed to the total 
energy response, its effect is necessarily small since 
it probably did not at any time exceed 1 percent of 
the total and did not differ radically in spectral 
quality from sunlight as observed in check measure- 
ments on the sky only, near the sun. 

In the present investigation the high sensitivity 
of the detecting and recording apparatus permitted 
the use of relatively narrow slit widths (spectral 
width 2 to 3 my), with noise levels less than 1 percent, 
to about 305 my. Hence, with this equipment 
somewhat narrower spectral slit widths could be 
practically employed at the altitude of the Bureau’s 
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TABLE 1 Black-body data and emissivity factors for tungsten 
at operation temperature of standard tungsten-filament-in-quartz 


lamp; relative spectral energy emission of standard lamp, 
based on tabulated values of tungsten emissivity; relative 
spectral transmissive factor esponse factor) of Farrand 
spectrometer, including heliostat mirror, phototube and all 


other components of the instrument; transmission coefficients 
of 0.18 cm of ozone per unit air mass through an air mass of 
M-1.43; and the calculated Rayleigh scattering spectral trans- 


mission Coe flicients for air mass, M 1.48, at Washington 





(approximately sea level, 355 ft 
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Relative Relative spectral rransmis- 5 
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Radiometry Laboratory (355 ft) and much narrower 
at mountain elevations. The rapid spectral 
scanning rate (300 to 400 my in about 3 min) permits 
the completion of an ultraviolet spectrogram before a 
significant change occurs in the air mass* even for 
air masses Mf=2.0 to M=3.0. 

Within the wavelength range extending from 
about 299 to 330 my the spectral intensities increase 
so rapidly with wavelength that in order to evaluate 
the data properly the instrumental sensitivity must 
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be changed at intervals of 10 to 30 my. For 
example, below about 304 my for an air mass M=1.4 
an increase of 1 my in wavelength results in nearly 
100-percent change in the intensity of solar radiant 
energy reaching the earth’s surface. This rapid 
increase of intensity with wavelength made difficult 
the accurate interpretation of recorder records below 
320 or 330 mg. Hence, within this spectral region, 
supplementary readings were usually made by 
manual operation of the wavelength drive of the 
instrument and by recording the energy values as 
indicated on a Ballantine alternating-current VTVM 
or by the Leeds & Northrup recorder. 


Ill. Ultraviolet Solar Energy Curve 


The data on which the solar energy curves dis- 
played in figures 2 and 3 and in table 2 are based 
were obtained in the Radiometry Laboratory at this 
Bureau, which is located in the northwest section 
of Washington away from a large part of the city 
smoke. The air mass penetrated by the direct 
solar rays ranged from approximately /=1.35 to 
M=1.50 during the course of the mesasurements. 
Representative data for specific air masses are given 
for a few days during the early part of October 
On some of the days on which 10 to 20 spectral 
determinations were rapidly made within the spectral 


range from 299 to 315 (or 320) mu considerable 
variation was noted in the shorter wavelength 


intensities relative to that at 315 or 320 my. As the 
Rayleigh seattering factor is not greatly different 
see table 1) between the limits of this wavelength 


interval, it is to be concluded that the greate: 
fluctuations at the shorter wavelengths must b 
primarily associated with rapid changes in th 


amount of ozone penetrated. The data in table 2 
and for the shorter wavelengths in figures 2 and 3, ar 
the averages of three to seven sets of measurements 
at air masses approximating the values applied t 
the curves. 

The solar energy curves displayed contain num¢ 
ous absorption bands varying in magnitude both 
spectral width and in intensity of absorption. |! 
reference is made to the Rowland maps and wav: 
length data [8] and to the Utrecht photometric ath 
of the solar spectrum [9], it is found that each bat 
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FIGURE 2 Spectral distribution of radiant enerqy at Washing- 


ton, D. C., from the sun for 2 days in October 1950; ordinates 


arbitrary. 


results from one or more groups of intense Fraunhofer 
lines. Some of these result mainly from one or two 
elements in the solar atmosphere—others from sev- 
eral elements. For example, in the spectral region 
of 309 my the principal absorbing elements are the 
neutral metals, Ni, Mn, Al, and Fe, accompanied by 
OH, while at 315 to 316 mu, Cr, Fe, Ti and others 


are present. Again at 322 to 323 mu Fe and several 
other metals have strong absorption lines, while at 
335 to 337 mu NH shows additional absorption. At 


345 to 348 mu Fe is the principal absorbing element, 
although many lines of Mn, Ni, and other elements 
are present. At 358 to 359 my and at 375 to 376 mu 
the absorption bands result mainly from many 
strong Fe lines. The strong CN band (at 388 my) 
accompanied by many strong Fe lines (around 385 
mu), together with Mg absorption results in the 
strong band centered at about 386 mu. The band 
at 395 mu is a combination of the intense H and K 
Fraunhofer lines located at about 393.5 and 396.8 
my and results primarily from absorption by ionized 
Ca and H atoms in the solar atmosphere. At 408 
my and again at 432 my Fe and H are primarily 
responsible in producing two of the important ab- 
sorption bands of the visible spectrum of the sun. 
Two relatively weak bands occurring at 465 and 
489 mu are caused principally by Fe and H, respee- 
tively, while the strong band between 520 and 530 
my results mainly from Mg absorption in the solar 
A more detailed listing of the principal 


atmosphere 





TABLE 2. Observed relative spectral-energy distribution of 
direct sunlight at Washington, D. C. on 3 days in October 1950 


‘ October 3 October 6 October 6 October 11 
Wavelength | “4f=1.37 M=1.43 M=1.41 M=1.51 
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Fraunhofer lines responsible for the observed ab- 
sorption spectrum is given in table 3. The wave- 
length position of the absorption bands is found to 
be in close agreement with that of the main concen- 
trations of the winged lines [10] in the solar spectrum. 

The large drop in solar radiant energy intensity at 
about 390 my, previously noted by Pettit [1], is very 
interesting. 

When consideration is given to the winged lines 
[10] of the solar spectrum and their effect upon the 
observed intensity as vividly displayed on the Utrecht 
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Tarte 3. Relationship between the location of winged and 
other strong Fraunhofer lines and the observed minima in the 


spectral solar energy curve 
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maps [9], the drop is adequately explained. As a 
matter of fact the other intensity depressions and 
resulting plateaus, for example in the regions of 315 
to 360 my, 370 to 390 my, and 405 to 435 my simply 
represent departures from what would otherwise be 
a smooth approximate black body curve representa- 
tive of the mean solar surface temperature, and re- 
sult primarily from absorption by the winged lines 
of Fe, Mg, Ca, Ni, H, Ti and Al [9, 10}. 

The large calculated decrease in solar energy out- 
side the earth’s atmosphere for wavelengths shorter 
than about 310 my is probably not entirely real. 
At least an absorption band occurs at about 304 my, 
as can be detected by the inflection in the observed 
data at this wavelength. Its magnitude may be 
overrated in the calculated curve. Pettit’s data also 
indicate a sharp decrease in solar radiant energy for 
wavelengths below about 310 my and probably for 
the same reason; namely, a lack of correct knowledge 
of the ozone absorption coefficients for these wave- 
lengths. Data obtained by personnel of the Naval 
Research Laboratory [6] with apparatus transported 
by rockets into the stratosphere show no sharp de- 
crease in solar energy at this wavelength except for a 
strong absorption band near 300 my. It is readily 
understandable that in these calculations, wherein 
small energy values are divided by extremely low 
ozone transmittance coefficients, errors in the ozone 
transmittance are greatly magnified in the short 
wavelength solar energy curve 


IV. Conclusions 


As previously noted the data recorded herein on 
the solar energy curve, principally in the ultraviolet 
spectrum, are based on a few measurements made 
on a few days under similar air mass conditions, both 
as to time of day (similar values of air mass) and as 
to type of pressure pattern. Although these data 
were carefully obtained, their value les principally 
in illustration of the use of new equipment and of 


the method employed in their acquirement, especially 
in view of the fact that at sea level solar radiant 
energy intensity values are extremely low at the 
shorter ultraviolet wavelengths. The quality of 
these data indicate the practicability of using much 
narrower spectral slit widths if the apparatus were 
installed at mountain or desert locations. At suit- 
able stations much valuable solar spectral data should 
be obtainable. 

Data of the type obtained with this instrument 
have long been urgently needed for use in ozone 
determinations by means of the phototube and filter 
method [16 to 18]. Previously a smooth curve best 
representing the filter measurements has been em- 
ployed. The limited data recorded herein should 
serve to permit the use, in future phototube-filter 
ozone work, of a solar energy curve closely approxi- 
mating in shape the true spectral energy curve 
outside the earth’s atmosphere. 

The use of spectroradiometric equipment of the 
type employed in the present investigation appears 
highly promising of producing precise data in total 
ozone determinations. The presence of numerous 
Fraunhofer absorption lines in the solar spectrum, 
resulting in a number of plateaus or inflections in the 
prismatic curve, furnish wavelength calibration in- 
dices that acquire significant importance in ascer- 
taining the correct wavelength positions in the ultra- 
violet spectrum for use in the ozone calculations. 
Proper instrumental temperature corrections for use 
with double monochromator ozone meters ordinarily 
require unusual precautions. Often outdoor condi- 
tions of wind, varying sunlight, etc., render tempera- 
ture correction next to impossible. With this equip- 
ment a solar curve covering the spectral region of 
the two or three wavelengths necessary for use in 
the ozone calculation may be made within a few 
minutes and it will include, on the same chart, the 
correct wavelength indices in the form of the Fraun- 
hofer bands. 

Tests on sky-light indicate a sensitivity of the 
equipment, as used on direct sunlight, sufficient to 
observe the spectral energy distribution down to 
about 310 my before noise becomes excessive. For 
practical use the full aperture can be employed 
The small mirror employed with the sun (3 by 5 in.) 
and situated at a distance of about 6 ft from the 
spectrometer allowed use of only a small part of the 
total instrumental aperture in the tests to which 
reference is made. Wider spectral slit widths might 
also be employed. Hence, it would appear to be 
feasible to employ this equipment in the study of the 
spectral quality of the scattered radiant energy pres- 
ent in small areas of sky light. 
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Wind Tides in Small Closed Channels 


Garbis H. Keulegan 


In addition to the generation of waves, a wind produces a mass transport in a body of 


water resulting in the lowering of the level at 


side, which is called wind tide or set-up. 
traction the water, and the form 


the windward side and rise at the leeward 


Two effects of the wind are involved: the surface 
resistance 
theoretical background of the subject and experimental results. It 


of the waves. This paper presents the 
pay] I 


was discovered that 


formation of waves in an experimental channel could be inhibited by adding small amounts 


of soap or detergent to the water. 
effect separately. 
and gravity currents produced by the wind. 

water surface velocities agreed with theory 
was unaffected by 


This made it possible to study the surface traction 
The effect was studied for both laminar and turbulent motion of the drift 
The set-up computed from measured wind and 


Regardless of the flow regime, the set-up 


viscosity and independent of the depth-length ratio of the channel. 


The additional set-up due to presence of waves could be correlated only by introducing a 


characteristic 
depth-length ratio 
wind generation is discussed. 
observations in Lake Erie. 


velocity. 


I. Introduction 


Early in the course of a comprehensive investiga- 
tion of density currents now under way, the question 
arose as to what phenomena might have a probable 
bearing, no matter how remote, on the general prob- 
lem of density currents and especially on the stability 
of the interface between two fluids of different den- 
Among such phenomena are the disturbances 
that may be introduced by wind-generated surface 
waves on the interface between two layers of dif- 
ferent densities such as occur in lakes and in the 
lower reaches of rivers emptying into the ocean. 

At least two ways in which surface wind waves 
may affect the interface may be imagined. The first 
possibility is that internal waves will be generated 
as a response to the surface waves. This, however, 
is very unlikely to happen. It is well known that a 
two-layer system of liquids with a free surface is a 
system of two degrees of freedom. To one degree 
of freedom there corresponds the ordinary waves of 
a homogeneous liquid, and to the other the internal 
waves of the interface. The velocities of propaga- 
tion of these two types of waves are unequal, and 
the particle motions are significantly different from 
each other. In ordinary waves of a homogeneous 
liquid, the particle motions along a given vertical 
line are in the same direction from the bottom to the 
free surface. With internal on the other 
hand, the particle motions are oppositely directed in 
the two layers of different densities. It follows that 
whatever may be the agency that causes the ordinary 
type of waves in a homogeneous liquid, the same 
agency cannot produce internal waves if the homog- 
eneous system is replaced by a system of two layers 
of liquids. Wind waves are surface waves of ordi- 
nary type and therefore will not excite internal 
waves. If internal are to be created, they 
must be produced by displacements of the internal 


sities. 


waves 


waves 


This additional set-up appears to vary as the square root of the 
The relation of the characteristic velocity to the critical velocity for 
The derived empirical formula for set-up is compared with 


surface that will leave the free surface practically 
smooth. 

The second possible effect of surface wind waves 
arises from their tendency to produce turbulence in 
the region occupied by the interface, which causes 
mixing of the two liquids. It is conceivable that 
this mixing is brought about in two ways. First, 
wind-generated waves are associated inherently with 
turbulence, and a progressive downward movement 
of turbulence may reach the level of the interface 
If the density difference at the two sides of the inter- 
face is small, and if the turbulence fluctuations are 
sufficiently strong, a gradual mixing of the liquids 
obviously will take place. 

The second and more significant way in which 
mixing at the interface might occur may be illus- 
trated by the case of a lake subjected to wind wave 
where there is a considerable wind tide or set-up 
present. If there are two layers of liquids of different 
densities in the lake, the set-up will produce circula- 
tions of opposite directions in the two layers and 
thereby will cause mixing. If the density differences 
are small, a similar effect may also be expected to 
occur in the case of salt intrusion in a river when the 
wind is blowing in the upstream direction. The 
smaller the river velocity, the larger will be the mixing 
due to wind effects 

Before considering the effect on interfacial sta- 
bility of surface disturbances caused by wind, it is 
necessary that sufficiently full information be ob- 
tained on the dynamical and geometrical character- 
istics of the wind waves and especially of wind waves 
in shallow and long channels. There appear to be 
theoretical 


no complete investigations, either or 
experimental, regarding such waves. Having in 


mind the excellent theoretical work of Sverdrup and 
Munk [{1]' on wind waves and swells originating in 


Figures in brackets indicate the ijiterature references at the end of this 
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deep waters, it was thought that an experimental 
investigation relating to shallow waters would be a 
relatively simple matter. It was soon evident that 
there are many difficulties in the study of wind waves 
in a laboratory channel with shallow water that are 
absent in the case relating to deep water. An ex- 
tensive program of investigation is practically un- 
avoidable. As the subject is of much wider interest 
and practical importance than merely in its relation 
to density currents, a separate project was initiated. 
For convenience this project has been divided into 
three parts: (1) wind tides or set-up in small channels, 
(2) the dissipation characteristics of oscillatory pro- 
gressive waves in long shallow channels, and (3) the 
growth of wind waves in height and length in long 
shallow channels. 

The present paper deals with the first subject, 
that is, wind tides or set-up in small closed channels. 
This subject is of considerable practical importance 
in relation to wind effects on long shallow lakes and 
the feasibility of model tests. The problem of Lake 
Okeechobee falls into this category. Although a 
final solution of the question of model testing and 
of valid transference equations is not reached, never- 
theless the results obtained represent a method of 
approach toward this solution. 


II. Theoretical Developments 
1. Generalized Surface Equation 


The generalized surface equation is the differential 
equation involving the surface displacement of a 
limited body of water, the free surface being sub- 
jected to a tangential stress. We shall consider a 
channel closed at its ends with a constant width 
throughout and the bottom horizontal. The surface 
equation can be established very conveniently by 
considering the general equations of motion of the 
Navier type. 

Selecting the origin of the axes at the bottom, 
with x along the channel axis and 2 vertical and 
drawn upwards as in figure 1, the equations of 

Ou 1 Op 


motion are 
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Figure 1. Coordinate arcs and stresses. 


Here u and w are the velocity components parallel 
to the z and 2 axes, respectively, p is the pressure, 
q the acceleration of gravity, and p the density of the 
liquid. The quantities N,, N3, 72, are the tractional 
stresses as shown in figure 1. In the notation of 
Lamb, Ni=p+ pez, Ns=p+pe, and T;=p,:. 

The equations in the form given are too general 
and too difficult to integrate. In the case of a long 
shallow channel some simplifying assumptions may 
be adopted. These assumptions are commonly re- 
sorted to in solutions of boundary layer flow prob- 
lems and are well known. As the surface curvature 
is small, the vertical acceleration and the normal 
traction N; will be neglected. As the surface dis- 
placement is small, the normal traction N, will be 
neglected. The variation of 7, with respect to z 
is negligible since the channel is very long. Ac- 
cordingly, the simplified forms of the equations of 
motion, writing + for 7) are 


ou Ou ou 10p,10r . 
at det oz op oss on’ (3) 
1 Op 
o=— =~. 
p Oz g (4) 


It is to be noted that one consequence of the assump- 
tions is to regard the pressures as hydrostatic. For 
the long central portion of the channel, these forms 
of the equations are sufficiently valid. They fail, 
however, to represent the conditions of flow at the 
ends of the channel. 

Denoting the undisturbed depth of the water by 
H, as in figure 2, the surface displacement as meas- 
ured from the initial level by A, and the atmospheric 
pressure by pa, eq 4 yields 


p=pg(H+h—z)+m. (5 


Substituting in eq 3, 
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Ficure 2. Water levels and surface shears 
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The rule 


ou re) ow 
w (rr) u ; (S) 
Oz O2 Oz 
combined with eq 7 yields 
Ou re) Ou 
w (ww) U . (9) 
Oz Oz Or 
Substituting this in eq 6, 
ou , Ou*. O Oh 10p,,10r 
(wu) ( . - (10) 
ot T Or t Oz is 4 Or por . Oz 


Multiplving the two sides of the equation by dz. 
integrating with respect to z between the limits 0 and 
(H+h), and noting that w=0 at the bottom where 


$=:(), 
"H+h by *H+h dy? 
J, ot és bap 0 Or dz- satis 11 
oh ] Ope \ l 
—{ ¢ - ‘)}(H-+-h)-+4 (7. To) 
(95, +5 a, )@ Ths 


where w, and u, are the velocity components at the 
free surface, +r, and —r, are the tangential stresses 
at the free surface and at the bottom (see fig. 2). 
We may express w, in terms of wv, by considering the 
surface kinematic condition that a particle at the 
free surface remains on the surface. Symbolically, 


+ » 2 (12) 
ot or 


Introducing this in eq 11 and remembering Leib- 
nitz’s rule for differentiation under the integral sign, 
we have 


“H+h *“H+h 
. udz-+ > wdz 
J90 zr ) 


dh , 1 dp, 


— (95-4 ) H+h)+~ (1.479). (13) 


p Or p 


This is the generalized differential equation of the 
surface for a long body of water subjected to the 
surface tractions 7, and ro. The terms on the 
left-hand side are the acceleration terms. 

If the conditions are steady, as when the wind has 
acted with uniform intensity over the body of water 
for a long time, the equation reduces to 


] 
)(H+h) +o (rat 70) 


‘ urdz | OPs 


Oo (Ht oh 
( 92" 
Or, 0 Oz p or 


Under certain assumptions, to be discussed later, 
the acceleration term on the left-hand side of the 
equation may be neglected. Thus, the surface 
equation reduces to 


Oh, 10p, 1 t.4+To 
Or pOr p giH+h) 


From this point on it will be supposed either that 
the atmospheric pressure or, more properly stat: 
the pressure on the free surface, does not vary with 
x; or that if it does vary, a correction is made so t] 

h will denote the surface elevation after due accou 
is made of the pressure effect. With this und 
standing, the basic simplified surface equation is 


oh Te+To 
Or ogi +- fy) 


A further simplification, based on assumptions 
relating to the relative values of 7) and 7,, is needed 
The flow in the channel is a combustion of a drift 
current at the surface and a gravity current at th 
bottom. The drift current is induced by the wind 
The gravity current is induced by the inclination 
of the upper free surface, its direction being opposit« 
to that of the drift current. 

Denoting the mean velocity of the gravity current 
by Uo, the resistance of the channel bottom may ye 
written as 


Ti kop us. LS 


Similarly, if V is the wind velocity and p, the density 
of the air, the surface traction may be expressed as 


re=k,p.V". (19 


Considering the ratio 


ko pu 
rel Te pV" 


9) 





it is not obvious that 7» is negligible with respect to 
t, The velocity uw may be small with respect to V 
but since p is about one thousand times larger than 
p., the product puj may be a measurable portion 
of p,V?. Besides one must also consider the relative 
values of k, and ko, and at the moment it cannot 
be said that kp is smaller than k,. For these reasons 
it is better not to neglect rt) with respec to 7,, but 
to incorporate it with r,. Writing 


eq 17 becomes 


oh WT 
Or geo(H +- fr) c 


If a computation is made on the basis of pu: 
viscous laminar motion, and this will be done in o1 
of the following sections, it will be seen that n=1 
The determination of n for turbulent motion requires 
some form of turbulent theory for the case und 
consideration. The value of n will then depend « 
the particular theory adopted. Hellstrém [2], aft 
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adopting the Boussinesq theory for turbulent flow, 
finds that m varies between the values 1.15 and 1.80 
for channels of moderate and very large depths. 
Temporarily we shall take n=1.25 for turbulent 
flow. 


2. Surface Equation for Laminar Flow 


From the viewpoint of theory it is important to 
consider the case of laminar flow. The chief interest, 
of course, rests on the fact that for this case a solu- 
tion is easily available. In laboratory experiments, 
as will be shown later, this solution is of great value 
when the depths are small. 

In viscous flow of the type envisaged 


(23) 


Substituting in eq 10, neglecting inertia terms, sup- 
posing the flow to be steady, the pressure over the 
surface uniform, and the surface displacements small 
with respect to the depth of water, there results 


d*u 


dz? 


y dz 

If the velocities are expressed in terms of the surface 
velocity, us, and the distances from the bottom in 
terms of the initial liquid depth, 7/7, this equation may 
be made dimensionless. Thus, writing 


u ) ] . 
( - - 
- H ¥ (25 
and 
gl? dh ‘ 
- a, (26) 
vu, dz 
eq 24 becomes 
d?6 
97\ 
dt? o sani 


which is subject to the boundary conditions 


6=0, r=0, 
r 
l, f=1 (28) 
71 
| éd¢=0. 
J0 


The first condition states that the velocity at the 
bottom is zero, the second that velocities are meas- 
ured in terms of the surface velocity, and the third 
that the integrated flow in a vertical cross section 
vanishes. 


The desired solution subject to the boundary con- 
ditions is 


(29) 
and 
(30) | 


Equation 29 gives the law of velocity distribution. 
In the horizontal plane at a distance of H/3 below 
the liquid surface the velocities vanish. All the 
particles above this plane move in the direction 
of the wind, and the particles below this plane 
move in the opposite direction. The former repre- 
sents the drift current, and the latter the gravity 
current. Equation 30 gives the surface equation; 
for, using eq 26, 


dh 6vu, (31) 
»? o 
dz gH? 
which relates the surface inclination to the depth 
of liquid, the surface velocity, and the kinematic 
viscosity of the liquid in the channel. 
Now, from eq 23 and 25, 


u, dé 
eS (32) 
H at 

The surface shear and the shear at the bottom 


correspond to ¢=1 and ¢ 
have for these shears 


0, respectively, and we 


u. ‘ 
r,=4 WT’ (33) 
and 
Us. 
_— 2 (34) 


that is, the surface shear is twice as large as the shear 
at bottom. The surface equation may be written 


also as 


dh rs soi 


dr one pgH 


[t is apparent that ignoring the bottom shear results 
in a 50-percent error. 


Ill. Characteristics of the Experimental 
Channel 


1. Apparatus 


The apparatus, shown diagrammatically in figure 
3, consisted of three parts: the entrance assemblage, 
the experimental channel, and the terminal assem- 
blage. 

The upstream blower in the entrance assemblage 
was driven by a constant speed motor. The air 
volume, and hence the air velocity in the experimental 
channel, was controlled by a damper at the intake 
end of the blower by means of which the intake area 
could be varied. The control of air velocities by 
this method was very satisfactory. 

At the discharge end of the blower was a rectan- 
gular duct of the same dimensions as the blower 
discharge opening connected to a duct converging 
in plan to the width of the experimental channel. 
This was followed by a Venturi nozzle of constant 
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width and converging in the vertical dimension to 
half the height of the experimental channel. Pie- 
zometer openings in the side walls of the Venturi 
nozzle were connected to an inclined manometer. 
The Venturi was connected by a short duct to the 
upper half of the experimental channel. It was 
thought that the length of the assemblage and the 
lateral and vertical contractions would even out 
most of the irregularities in flow produced by the 
blower. 

The experimental channel, shown in figure 3, was 
a closed conduit of uniform rectangular cross section, 
28.5 cm deep, 11.3 cm wide, and about 20 m long. 
It consisted of 12 sections constructed of wood with 
sides of glass. The glass sections were connected 
by short sections made of wood. Piezometers, 
opening to the inside air at the top and to water 
at the bottom of the channel were installed in the 
walls of the wooden sections. The piezometer 
openings were connected to glass manometer wells. 
The average water levels in the channel were meas- 
ured by the water levels in the manometers. 

It was desired to make tests with different depths 
of water. As it was not practicable to change the 
elevation of the Venturi nozzle, a sloping floor was 
set in the upstream end of the channel. The rate 
of variation of the air cross section was quite small, 
thus assuring a nearly uniform air velocity distri- 
bution vertically. 








1.3 WIDTH- 22.0 


TERMINAL ASSEMBLAGE 


Diagram of experimental apparatus. 


In the top of each channel section at the center 
was placed a piezometer opening, and the drop in air 
pressure between any pair of these could be meas- 
ured by connecting them to an inclined manometer 
During observations of set-up, those two piezometers 
were used that were nearest to the ends of the fetch 
over which measurements were being made. 

The terminal assemblage, also shown in figure 
began at the end of the experimental channel with a 
section expanding in width. <A succession of screens 
was placed at the lower end for damping of the 
waves. The screens were spaced about 2 cm apart 
initially and the spacing decreased to about % cm 
at the downstream end. The arrangement proved 
to be quite satisfactory. The damping was gradual 
and effective, there being no appreciable reflection 
of the waves. Downstream from this section was 
a duct sloping slightly upward and expanding to 
the size of the intake opening of the downstream 
blower. This blower was used in addition to the 
upstream one whenever high air velocities were 


required. 


9 
”, 


2. Calibration of the Venturi Nozzle 


The mean velocity of the air stream over t! 
water in the channel was chosen as the significant 
velocity to be associated with the growth of waves 
or with the development of wind set-up. The dept! 
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of the channel being small, the height of the air 
passage over the water decreased continually in the 
leeward direction because of the set-up and of the 
increase in wave heights. Therefor it was not very 
practical to measure the local mean air velocity at 
any chosen cross section. Instead, the air velocity 
was deduced from the velocity at the discharge end 
of the Venturi nozzle. Thus if V, is the velocity 
and A, the area of the nozzle exit, and V is the mean 
air velocity in the channel for an air passage of 
cross-sectional area A, then V=V,A,/A. The area, 
A, represents the mean value of the area averaged 
along the entire length of the channel. Obviously, 
A is also the area of the air passage cross section 
when the water in the channel is not disturbed. In 
the measurements of set-up, however, the decrease 
of the cross section of the air passage with distance 
was considerable, and hence corrections were devised, 
as will be explained later, to obtain the value of the 
effective wind velocities. 

The differential head reading of the inclined 
manometer was an indication of the velocity at the 
discharge end of the Venturi nozzle. The calibra- 
tion was made in the following manner. The ter- 
minal assemblage at the lower end of the experimental 
channel was removed, and the velocities at the end 
section of the channel were measured. These were 
associated with the simultaneous readings of the 
Venturi manometer. The velocities at the channel 
end were measured by two instruments. One was 
a propeller-type anemometer of current manufacture 
that was calibrated in a wind tunnel by the Aero- 
dynamics Section of the National Bureau of Stand- 
ards. The second instrument was a small Ott cur- 
rent meter. Although this instrument is used 
ordinarily for flowing water and the calibration is 
likewise made in water, it can, nevertheless, be used 
for flowing air provided the calibration of the instru- 
ment is expressed in the form 

N/U=f(UYVp), (36) 
where N is the number of revolutions per second 
corresponding to the velocity, Ul’. [3] To be sure 
that this relationship applied to the Ott meter to 
be used, it was calibrated both in water and in air. 
In the range where the calibration results with air 
and with water overlapped, the results fell on the 
Same curve. 

The Ott meter, being the smaller of the two, was 
set in six different positions in the channel cross 
section. The other instrument was set in three 
positions on the vertical center line. The average 
of the mean velocities determined in these two ways 
was taken to be the mean velocity of the air stream 
at the end cross section of the channel. Comparing 
the cross-sectional areas, the velocity at the nozzle 
was obtained in relation to the manometer reading. 
Following this, a second calibration was obtained 
after attaching to the end of the main channel an 
additional closed rectangular conduit of a larger 
cross section. In the second channel both instru- 
ments were set in six different positions. 





a —— 


It was gratifying to note that the Venturi nozzle 
velocities as observed during the calibrations could 
be very well represented by the theoretical expression. 


2pgaAh=p,V? [1 —( “yh 


where Ah is the reading of the inclined manometer in 
feet of water, and A, is the area at the entrance of the 
nozzle. The final calibration chart was made by 
using the above formula and taking p,/p =1.16 107, 
a value corresponding to an atmospheric pressure of 
740 mm Hg and an air temperature of 23° C 


(37) 


3. Air Velocity Distribution in Channel 


In studies of the growth of waves with distance 
and of the development of wind set-up under natural 
conditions the proper selection of the elevations for 
the measurement of wind velocities is a difficult 
matter. If one could assign an operative roughness 
length, k, independent of the dimensions of waves 
excited by the wind, it would be sufficient to measure 
the wind velocity at a constant elevation, 2,, inde- 
pendent of the wind velocity. The investigations of 
Roll [4] concerning the wind field over the seas show 
that an operative constant roughness in the above 
sense does not exist and the roughness is dependent 
on the wind velocity. This naturally introduces a 
complication if results of investigations in the open 
seas are to be compared with results obtained under 
laboratory conditions. 

Because of the limited channel dimensions there 
is little latitude in selecting the location for the wind 
velocity measurements in laboratory tests. The 
velocity of the wind may be taken either as the 
velocity at the center of the area above the water or 
as the mean velocity all over the area. In the 
present investigation the second choice was preferred. 
This procedure would be free of any objection pro- 
vided the air velocity distributions in the channel 
remain always affine to each other for varying 
velocities and varying water depths. This matter 
was examined for a water surface free of waves. 

One additional point that needed examination was 
the assumed effectiveness of the expansion caused 
by the sloping bottom at the entrance of the main 
channel (see fig. 3) in establishing uniform air ve- 
locities at the leeward end of the expansion. For 
this purpose two sections were chosen, one at the 
windward end and the other at the leeward end of 
the channel, and vertical air velocity traverses 
were made along the vertical median plane. One 
group of such determinations is shown in figure 4, 
where V represents the velocity at a distance, 2, 
from the water surface, V, the average velocity 
along the vertical, and //, the height of the air 
gap. In this case the water depth was 4.0 cm, the 
air space height 24.5 em, and the average velocity 
along the vertical 1,008 cm/sec. The _ velocity 
distributions at the two ends of the experimental 
channel are practically alike. For the same air 


363 





































space similar determinations were carried out for 
two other velocities, namely 700 and 480 cm/sec, 
with results very similar to those shown in figure 4. 
The measurements were repeated for other air gaps, 
namely //,=20.5, 17.5, 14.0 em, with three air 
velocities not greatly different from those mentioned 
above. It was noted in every case, regardless of the 
air space or the magnitude of the mean air velocity, | 
that the median vertical velocity distributions were 
alike in the extreme end Thus for 
the comparison of the velocity distributions in each 
air space it should suffice to consider the averages 
from the measurements with a chosen air space. 
Such mean values are shown in figure 5. From the 
curve drawn in the figure we make two deductions. 
First, central wind velocities are about 1.1 times as 
large as the mean air velocity. Second, there are 
no large differences between the air velocities near 
the rigid top of the channel and those near the water 
surface. If anything, the air velocities near the 
water surface are slightly higher, might be 
expected. 

Next, the horizontal velocity distribution close to 
the water surface was examined. The results of a 
few traverses are shown in figure 6. The plotting is 
V/Vmax Versus y/B, where Vy. is the velocity at the 
median plane, V the velocity at a distance, y, from 
one of the vertical walls, and B the width of the 
channel. The liquid in the channel was of large 
viscosity so that for large air velocities the surface 
would be free of waves. Three series of traverses 
were obtained for the surface of the liquid thus un- 
modified by waves corresponding to settings of the 
pitot tube at successive elevations, z,, of 0.4, 0.9, and 
1.7 em above the water surface. The results are 
shown in the figure by the open symbols. Only one 
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Figure 4, Vertical distributions of air velocities at the ends of 
the channel 
Circles, vel cities at windward end; squares, velocities at leeward end 
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measurement of velocities was made with the liqui 
surface covered with waves. In these measuremen 
the pitot tube aperture was almost at the level of th 
crests of the waves. The data for these tests ar 
shown by black circles. It is important to note tha 
for the lateral traverses the distributions of tl 
velocities are more uniform than in the vertic: 
traverses. The presence of the waves hardly mod 
fies this comparison. 


[V. Wind Set-Up in the Absence of Waves 
1. Effect of Soapy Waters on the Start of Waves 


It was discovered accidentally during the conduct 
of the routine experiments that the addition of soap 
to the water inhibited the formation of waves by 
wind action. Ordinarily when the water in the 
channel was free of foreign matter, a wind with 
velocity of 300 to 400 cm/sec caused waves to be 
formed. An increase in the wind velocity above this 
value increased the height and length of the waves 
On the other hand, when soap was introduced in the 
water and the wind velocity was increased gradually 
from zero value, it was found that no matter how 
great the wind velocity, the surface of the liquid re- 
sisted the formation of waves. Even at a wind 
velocity of 1,200 cm/sec, which was the limiting 
capacity of the apparatus, the soapy liquid surface was 
free of waves. This peculiar phenomenon could be 
repeated for all depths of liquid from 4 to 14.5 em 
The same condition could also be reproduced by 
introducing a detergent of the type sold for cleansing 
kitchen utensils, instead of soap. 
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It must not be inferred from the above that in con- 
taminated waters of the kind described all wave 
motions are impossible. If, by a special manipula- 
tion, waves of substantial dimensions are once pro- 
duced, these continue to grow in size and multiply 
in number after traveling long distances under the 
action of the wind. We have had a very significant 
experience demonstrating this fact which deserves a 
brief mention here. 

The soapy water in the channel was about 10 or 
11 em deep, the two blowers were in action and, owing 
to the large air velocity, the water surface was con- 
siderably inclined, the greater depth, of course, 
being at the leeward end of the channel. The surface 
was smooth and free of waves. The windward edge 
of the water was located on the solid sloping surface 
at the channel entrance. To see what effect a sudden 
reduction of the air velocity would produce, one of 
the blowers was stopped quickly. Immediately a 
surge from the leeward end of the channel started 
to travel toward the windward end. At the instant 
that the surge reached the windward end and the 
water commenced to pile up on the sloping surface 
there, the idle blower was started again. Under the 
impact of the increasing wind two joining intumes- 
censes were seen to develop at the windward water 
edge which moved in the leeward direction. In the 
movement the number of the waves continually 
increased and the crests became higher. Thus a 
limited line of waves, so to speak, was moving down- 
stream, the length of the line increasing continually. 
Waves in the front of the line would be pressing for- 
ward, while at the rear new waves appeared. Finally, 
a long line of waves was filling the last quarter of the 
channel whereas the water in the rest of the channel 
was smooth and undisturbed. This line of waves 
would be seen to enter the wave dampers, and after 


| 








a while the last wave of the line would be lost. 
Following this a new surge started moving toward the 
windward end. The cause of the surge was the sud- 
den decrease of the wave friction concommitant 
with the disappearance of the waves. The surge 
reaching the windward end of the channel, a new 
pair of waves was seen to be formed and the entire 
process of wave group motion described above was 
repeated. The phenomenon appeared to reproduce 
itself periodically and uniformly. Obviously, here 
was a special case involving the principle of group 
waves and their generation under the action of 
wind forces. It is regrettable that, due to the pres- 
sure of the main problems of the investigation, addi- 
tional time could not be devoted to the study of this 
unusual phenomenon. 

Thus the inhibitive action of the soapy water or 
water containing detergent is to be associated with 
water surfaces initially undisturbed and therefore 
free of local elevations occurring over short lengths. 
Under these conditions, no Wwatter how strong the 
wind may be, the action of the flowing air fails to 
start those tremors of the water surface that are 
always present when the water is pure and the for- 
mation of waves is impending. The action of the 
contaminated water cannot be explained. It would 
appear that neither viscosity nor surface tension have 
a bearing on the subject. 

Once the fact became known that it was possible 
to operate with a smooth surface in the channel 
within the full capacity of the blowers even though 
the wind velocities were large, by merely adding 
soap or detergent to the water, it was decided to 
make full use of it. Numerous experiments were 
carried out under these conditions that are considered 
in the subsequent sections. It was felt at the time 
and also verified later that through these experiments 
a better understanding of the main problems of the 
investigation would result. 


2. Formulation of Wind Set-Up for Smooth Water 
Surfaces 


The term “set-up”? may be defined to represent 
either the displacement of the water surface at the 
leeward end of the channel with respect to the undis- 
turbed level of the water or the difference of the 
displacements of the water levels at the windward and 
the leeward ends of the channel, that at the windward 
end being negative. The displacements referred to 
are the values that remain after correcting for the 
fall of the air pressure in the channel. In this 
investigation the term will be used in the second sense. 
Thus denoting the windward and leeward displace- 
ments by h, and he, respectively, the set-up, S, is 

S=h.—hy. (38) 

Observations of the set-up were made for depths of 
14.5, 11, 8, 6, and 4 cm with smooth water surfaces. 
In every observation of the set-up for a given wind 
velocity the following quantities were observed. 
First, the reading of the Venturi nozzle manometer, 
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which gave the average wind velocity in the channel, 
was noted. Second, the elevations of the water 
levels in the two extreme manometer wells were 
observed, the distance between the wells being the 
nearest possible to the fetch, that is, the length of the 
water surface acted on by the wind. The diameters 
of the manometer glass tubes being 2 cm, the meniscii 
were hardly affected by surface tension. The 
meniscus positions were read by a telescope against a 
centimeter scale with millimeter divisions, which was 
placed near and parallel to the tubes. The eleva- 
tions could be estimated with an accuracy of +0.1 
mm. Third, the pressure fall in the channel air 
passage corresponding to the fetch was noted. This 
was done by connecting the extreme piezometer 
openings in the top of the channel to an inclined 
manometer, the pressure differences being read in 
heads of water. 

Because of the inclined solid bottom at the channel 
entrance the fetch varied with the depth of water. 
The manometer well distances, L’, approximating 
the fetches were: L’=2,000 em for H=14.5 em; 
L’=1,850 cm for H=11 and 10 em; and L’=1,725 
em for 7=6 and4cm. The set-up values observed 
with these lengths were reduced, after correcting for 
the pressure fall in the air space, to a common fetch of 
L=1,900 cm. As the curve of the surface displace- 
ments to a first approximation is linear, the reduction 
to a standard fetch is a matter of direct propor- 
tionality. That is, if S’ is the set-up corresponding 
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to L’, and if the difference L’—L is a small part of 
then 

S=S’L/L’. (3 

The results of the set-up observations, determin: | 

in this manner, for various depths of water are show 
in figure 7. The set-ups observed with smooth su 
faces will be denoted as S,. In the figure S,, e 
pressed in centimeters, is plotted against V*, the 
square of the average wind velocity, where V is e 
pressed in centimeters per second. For a given 
depth of water and for a given fetch the set-up is 
proportional to the square of the wind velocit, 
From the data of figure 7 the values of S, for th: 
different depths at a common wind velocity V=1,000 
can be obtained. These are shown in figure 8. | 
is seen that the distribution of the data points is 
nearly linear, and the straight line drawn through 
the points has a slope of one to one. The interpre- 
tation, therefore, is that for a constant wind velocity 
and for a constant fetch the set-up is inversely pro 
portional to the depth of water. Expressed mathe- 
matically, 

S,~ WH. (40 
Rendering the relation dimensionally correct we have, 
since the quantities g and L were constant in the 
tests, 
Vy? 
gH’ 


S, 


L74 


(41 


where A is a numerical constant having the value 


(42 


L = 1900 cm } 


V = 1000 cm/sec 
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Ficure 8. Variation of set-up with depth in the absence of 





waves. 


366 

















These relations give the law of wind set-up where 
the wind is not of sufficient strength to excite waves 
and therefore the water surface is smooth. 


3. Relation of Water Surface Velocities to Wind 
Velocities 


The argument regarding the development of the 
final formula of the preceding section is not com- 
plete. It remains to see whether the coefficient, A, 
of the wind velocity term is in every respect a nu- 
merical constant unaffected by the viscosity of the 
liquid. This aspect of the problem will be investi- 
gated later. For the present the inquiry will be 
facilitated by first establishing the relationship be- 
tween the surface velocities of the water and the 
wind velocities. 

An effort was made continually during the tests 
to measure the water surface velocity to see whether 
a relationship existed between this and the air 
velocity, as affected by the depth of liquid and the 
viscosity of liquid. It was also thought desirable 
to see if the relationship was modified by the fact that 
the liquid surface was smooth or covered by waves. 
The change in the viscosities was brought about 
invariably by using sugar solutions of various con- 
centrations. 

To obtain the surface velocities, small paraffin 
particles were dropped from a perforation in the 
channel roof, and the movement of the particles 
along a given distance was timed by a stop watch. 
At the commencement of such observations, the 
velocities were measured over successive intervals 
covering the entire channel from the beginning to the 
end. It was found during numerous tests of this 
type that the surface velocities did not change with 
distance when the liquid depth was large and the 
viscosity of the liquid small. Only when the depths 
were small and the liquid viscosities large would the 
surface velocities vary with distance. Thus in the 
later experiments the surface velocity was measured 
over small lengths. 

The velocity values for a given wind velocity were 
based on the average value of three to five individual 
determinations. Usually the floating particles did 
not maintain a constant distance from the wall 
during their travel. The meander of the particles, 
however, was such that it could be taken to be 
equivalent to the motion of a hypothetical particle 








keeping a constant midway position between the 
channel axis and the glass wall. A study of the 
lateral distribution of the surface velocities did show, 
and the evidence will be reproduced later in this 
section, that the motions of such particles give very 
nearly the average value of the surface velocities 
taken in the lateral distribution. 

Representing the average surface velocity by 
u,, the question to be examined is the dependence of 
u, on the wind velocity V, on the liquid depth H, 
and on the kinematic viscosity v of the liquid. 
Obviously, the relationship is of the type 


uy ,(UlT ; 
lV =f ( — (43) 


v 


For the establishment of the relationship the 
measurements obtained with water depths of 4, 6, 
8, 11, and 14.5 em were first considered. In some 
of the tests the water was charged with soap or with 
detergent. These observations, however, did not 
vield Reynolds numbers of sufficiently low values. 
To supplement the data other observations were 
undertaken with liquid depths of 8, 4, and 2 cm, 
using heavy sugar solutions. 

The data accumulated from these extensive tests 
yielded the values of the parameters u,/V and u,///v, 
which are plotted in figure 9. Obviously, when the 
Reynolds number is small, the viscosity of the liquid 
has a very marked effect on the surface velocity. 
In the logarithmic plotting the distribution of the 
points of observation for low Reynolds numbers is 
linear, and the line drawn has the slope one in two. 
Accordingly the law for the surface velocities when 
the Reynolds number is small is 


= K(“2)", (44) 


where the coefficient A is a pure number having 
the value 
K=7.6X10-*. (45) 


Starting with a Reynolds number of approximately 
1,000 the ratio of the two velocities tends slowly to 
a constant value indicating that above this value 
the effect of kinematic viscosity is very slight. 
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Judging from the curve drawn in the figure the 
limiting value of the ratio is 


u. 

Y’ 

In establishing the part of the graph above a 
Reynolds number of 1000, test data were used with- 
out regard to the condition of the liquid surface 
that happened to prevail. That is, some of the data 
are from runs where the surface was covered with 
waves and other data are from runs where the sur- 
face was smooth. Where waves were present, the 
surface velocities used were mean values from the 
crests and from the troughs. Due to the close 
grouping of points the inference is that the surface 
velocities are not affected by the presence of the 
waves. This surely was an unexpected result, and 
due to its importance the question was further 
investigated in two additional series of experiments. 
In one of the series the water of the channel was 
treated with detergent. During the measurement 
of the surface velocities the surfaces were smooth 
and calm. The data from this series of tests are 
shown in figure 10. For the second series the 
channel water was clean, and the observations were 
made with air velocities yielding substantial wave 
formations. The data from the latter series are 
shown in figure 11. In the figure are drawn two 
straight lines; the broken line represents the average 
values from the tests with water surface remaining 
calm; the continuous line represents the average 
values of the individual data shown in the figure. 
The disparity between the two curves is less than 
the scatter of the individual observations, and it 
may be stated on this basis that the presence of 
waves not appreciably affect the relation 
between the surface velocities and the wind velocities. 
In the above discussion, the ratio of the two veloc- 
ities is treated as a function of the Reynolds number 
based on the surface velocities. It is equally feasible 
to take the Reynolds number based on wind veloci- 
ties. This is especially useful for comparison with 
prototype data. The data for this case are given in 
figure 12. Accordingly for Reynolds numbers below 
30,000 the ratio u,/V varies inversely with Reynolds 
number; for higher Reynolds numbers the ratio 
tends to a constant value of 0.033, roughly. 


0.033. (46) 


does 








Figure 10. Water-surface velocities for large wind velocities 


in the abse nce of waves. 
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Ficure 13. 
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Lateral distribution of water-surface velocities 
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Before closing the matter of the present section, 
the evidence that the measured surface velocities 
equal the averages taken across the width of the 


channel must be shown. The establishment of the 
lateral distribution of the surface velocities proved 
to be a very difficult task. Much time was spent 
and the observations were repeated many times until 
some assurance about the results was obtained, 
working always with statistical averages. Without 
attempting a description of the methods used, the 
final results are shown in the form of graphs in 
figure 13. The lower group of points represents test 
data for the case where the liquid surface was smooth 
and free of waves. The data points are differently 
indicated and correspond to liquid depths varying 
from 2 to 8 em and to velocities varying from 350 
to 700 cm/sec. As the points group so closely among 
themselves for a given distance from the walls, it 
did not seem necessary to indicate the velocities 
and the depths corresponding to specific symbols. 
The broken line gives the coordinate coinciding with 
the average velocity. According to these results a 
particle on the water surface at a distance of 2.2 cm 
from the nearest wall moves with a velocity equal 
to the average of the velocities in the lateral traverse. 
The upper group of points in the figure was obtained 
for a liquid surface covered with waves. The num- 
ber of observations was as large as for the points 
below; the observations being made with various 
depths and with various wind velocities. In order 
not to confuse the appearance of the graph, only 
averaged values are shown since no systematic varia- 
tions could be discerned in the data with respect to 
depth of liquid or to wind velocity. It appears as 
though the surface velocities vary less in a lateral 
traverse when waves are present. In this case also 
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the surface velocity at a distance of about 2.2 cm 
away from the nearest wall represents practically 
the average velocity of a lateral traverse. 


4. General Law of the Surface Gradient in the 
Absence of Waves 


The regularity seen in the relationship of the sur- 
face velocities with the Reynolds numbers based 
either on the surface velocities or on the wind ve- 
locities suggests that perhaps a similar relationship 
should exist for the surface gradient. 

It was remarked in the theoretical analysis of 
purely viscous conditions that the surface gradient 
may be expressed as 


dh 6vu, 


a oH (3 1a) 


This might be generalized to include the case of 
turbulent flow by writing 


dh u? (47) 
dz gH’ 
where 
uf 
. (48) 
Ps Ps ( > ) 


The quantity ¢, may be referred to as the surface 
coefficient. Accordingly, the surface coefficient for 
the case of purely viscous flow is 
lu 


vy 


Ds 6 (49) 


The set-up observations that were made with water 






——_—_—_—_—_——_—__—_4 





' 
325 
345 
245 
og . "] . - . 
99 FicurRE 14 Coe ficient of surface 
mre en mee | slope in the absence of waves as a 
101 
« ] function of Reynolds Vumber 




















charged with soap or detergent may be used for 
evaluating ¢, corresponding to large Reynolds num- 
bers, for in this case the surface gradient can be 
written also as 

dh SS, “ 

dz » (99) 
The relation between the wind velocities and the 
surface velocities is given by the graph in figure 12. 
As regards ¢, for small Reynolds numbers, set-up 
observations were made with small depths (2 and 4 
em) and with sugar solutions of various concentra- 
tions. In these latter tests, owing to the large 
viscosities of the solutions, waves could be excited 
only with winds of large velocities and therefore 
there was a range of velocities that left the liquid 
surface calm and smooth. As an illustration, the 
set-up observations made with a liquid of kinematic 
viscosity »=0.111, a water depth H=2.0 em, and 
a fetch L=1,760 cm, are shown in figure 18. 

The determination of the surface gradient coefficient 
as a function of the Reynolds number is shown in 
figure 14. It is apparent for low Reynolds numbers, 
that if the coefficient be defined as in eq 47, its value 
is affected very markedly by the Reynolds number. 
The distribution of the data points is sufficiently 
linear to allow the drawing of a straight line through 
them. ‘The line actually drawn conforms to the 
theoretical expression given by eq 49, and since the 
line represents the positions of the observed points 
quite accurately the theory is verified satisfactorily. 
There was another deduction of the theory that 
appeared from limited observations to be verified. 
According to eq 29 the particle velocity is zero at a 
point two-thirds of the total depth measured from 


the bottom. Observations of small particles that 
had accumulated in the channel for one reason 
or another indicated this deduction to be sub- 


stantially true. 

For high Reynolds numbers, as may be observed 
from the data of figure 14, the effect of Reynolds 
number is small and the coefficient tends to a con- 
stant value. The deduction from the data presented 
is that the surface velocities define completely the 
regime of flow in the liquid below, the flow assuming 
either the character of a viscous flow or a turbulent 
flow. The passage from one type of flow to the 
other type does not show the sharp and sudden 
transition ordinarily seen in fluid motion phenomena. 

For practical applications it is desired to define 
the coefficient of the surface gradient in terms of the 
wind velocities instead of the liquid surface velocities. 
In this new representation 


dh V? (51 
dz gH’ ie 
and 
VH a 
De de ( - ), \o2) 


where ¢, is the coefficient of the surface gradient in 
relation to wind velocity. The transfer from ¢, to ¢q 


is readily made by using the data in figures 9 and 14 
The determinations of ¢, thus made are shown in 
figure 15. The surface gradient coefficient ¢, is 


independent of the Reynolds number VH/» 
Specifically 
dh V? 
-=n 3.00% 107° , 53 
dz XI gH = 


This value of ¢,.=—3.35X10~* is to be compared 
with the value of A=3.30X10~° appearing in eq 42. 
This then completes the argument that the coeffi- 
cient, A, appearing in eq 41 is actually a numerical 
constant and in particular is independent of liquid 
viscosity. 

The result shown above one of remarkable 
simplicity. In terms of the shear acting on the 
water surface, the gradient is 


IS 


dh NTs ey, 
_—= 9 (22a 
dz pgH 
and comparison with eq 53, using the average value 


of ¢ from eq 42 and eq 53 yields, 


Nr,=3.32X10-*p V?, (54 


where p is the density of the liquid. Replacing p 
with the moist air density p, by using the relation, 


pPa=1.169X10-%p, (55 
the expression for the surface stress is 
nr,=0.0028p,V". (56) 


If the value 1.5 be assigned to n, the value of the 
surface stress, using the ordinary form of the formula 
for such stresses, is 


_?p 
r,.—=0.0037 £ 


If it is supposed that the height of the air passage 
in the present experiments has no effect on the stresses 
developed on the surface of the liquid, then the shear 
obtained might be compared with the shear evalu- 
ated according to some boundary layer theory ap- 
plicable to the case of a moving liquid surface 
Such a theory is not yet available, and the next best 
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Figure 15. Coefficient of surface slope in the absence of wave 


as a function of Reynolds Number based on wind velocities. 
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choice is therefore to compare our results with the 
well-known theory of the resistance of smooth plates. 
In terms of the drag coefficient C4, 


Ts ( “PaV" 2, (5 8) 
where 
Y y VLD 
C= 0.(—); (59) 
Va 
and », is the kinematic viscosity of air. In the 


tests, the results of which are now being examined, 
the Reynolds number VL/», ranged from 10° to 
10°. The drag coefficient for this range as deter- 
mined by Gebers [5] and by Kempf and Kloess [6] is 

C,=0.0032, (60) 
and this agrees very well with the corresponding 
coefficient in eq 57. 

It would thus appear that the stress developed 
over the smooth surface of water under the action of 
flowing air could be determined with sufficient 
accuracy by using the ordinary theory of smooth 
plate resistance. 

For emphasis, the foregoing results will be sum- 
marized. Shear acting on the liquid surface in the 
absence of waves is independent of the depth of 
liquid and the kinematic viscosity of the liquid. The 
magnitude of the shear is almost identical with the 
shear that may be associated with the skin friction 
of smooth plates. In this comparison one may 
assume that the ratios of the surface shear to the 
bottom shear is two; that is, n=1.5. The value of 
the ratio is exact in the case of viscous flow; it is not 
known precisely for the case of turbulent flow. The 
prevailing flow in the liquid below the surface is 
determined solely on the basis of the surface veloci- 
ties, the depth, and the kinematic viscosity of the 
liquid. For purely viscous flow, the flow is in 
accordance with the simple one-dimensional theory. 
The exact conditions and the details of the mecha- 
nism of flow in the case of turbulent flow are not 
known. These could be made the object of a fruitful 
and a promising special study. 


V. Wind Set-Up in the Presence of Waves 
l. Effective Air Velocities 


In the observations of set-up with smooth water 
surfaces the variations in the value of the air velocities 
with distance along the channel axis proved to be 
small, and they were ignored. On the other hand 
the corresponding variations were large when the 
surface of the liquid was covered with waves and due 
account was taken during the reduction of data. 
Two causes were operative in producing the varia- 
tions of the air velocities with distance. First, waves 
induced comparatively large stresses over the water 
surface and thus a greater rise in water level in the 
eeward end of the channel. Second, as the heights 





of the waves increased with distance, the elevated 
crests caused a further decrease in the height of the 
air passage. The air velocity variations with 


| distance were especially marked for the larger depths 


of water because of the small depth of the channel. 

Under these conditions the air velocity values 
derived from the Venturi nozzle are only nominal 
velocities, and these had to be modified or corrected 
to obtain the effective air velocities. The basis of the 
corrections is as follows: 

The local surface gradient at the point x may be 
written as 

dh 0 J 


Co (61) 


dz 
where the coefficient is 


zs V HVH 
() by ’ oe | - ,? 
(7 sare oa 
which is an assumption of the most general applica- 
tion. If V be constant, the integration of eq 61 


yields 
Sicdliauiies (“ca C,.L (63) 
A »—h\= az m 4s . 0 
— oo a gH 
Supposing that V is not constant but V= V,+AV, 


where AV is a small fraction of V,, the same integra- 
tion gives 


s-ti[ [‘ctesal oa} 





or expressed in a different manner 


We ’ ; CZFAV ; 
S oil| nL +2nCn | V’, ax, 


J 0 
where 7 is a quantity larger than unity. 


with eq 63, 
"LAV dy 
V3 [1 + 2n [ . r\"2 


(64) 
Comparing 
65) 


which gives the effective wind velocity, V, in terms 
of the nominal wind velocity, V,. What the exact 
value of the coefficient » should be is questionable. 
We have assumed »=1.5 as a plausible value for 
present applications. 

To apply the correction to those measurements of 
set-up that showed considerable restrictions in the 
air space above the waves it became necessary to 
observe the variations of AV/V, along the channel 
axis for the different depths of water and for the 
different air velocities. To give an idea of the 
variations noted, the data for a depth of 11 cm are 
shown in figure 16. Using these data and also 
similar data for other depths, the relationship be- 
tween the effective wind velocity and the nominal 
velocity was established as shown in figure 17. 
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2. Dependence of Set-Up on Depth of Water When 
Waves Are Present 


Great difficulty was experienced in the beginning 
when an attempt was made to establish the relation- 
ship between set-up and the depth of water for the 
case Where waves were present. The difficulty was 
overcome partly by supposing that it is permissible 
to break the observed set-up into two parts, S, and 
S,, the first being due to skin friction alone and the 
second part due to form resistance of the wave crests. 
It was supposed further that the magnitude of S, 
is not affected by the presence of waves, and indeed 
that it would be the value that would have been 
obtained for the prevailing air velocities with asmooth 


water surface. Thus, if S is the observed total 
set-up, the part S, due to the waves is simply 
S,=S—S,, (66) 
where 
S,=3.30X 107° L (41a) 


gH ~~ 


The latter relationship was fully discussed in the 
previous sections. 

At the moment the dynamical significance of the 
procedure of partitioning is not clear. The only 
justification that may be mentioned now is the 
consistency and the reasonableness of the results 
obtained. The idea was suggested by the fact 
that the relationship between the water surface 
velocities andythe wind velocities is not affected by 


R S5,cm 














Figure 19. Partial set-up due to waves in tests with small 


water de pths. 
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the presence of waves. Eventually, of course, we 
wish to consider the dynamical aspects of the 
phenomenon of total resistance in a future investiga- 
tion. For the present, however, our main interest 
is in the parametric representation of measured 
quantities and the validity of these representations 
for the quantitative evaluations of the set-up. 

As an example of partitioning the set-up into parts, 
the data in figure 18 are presented. The data were 
obtained with a sugar solution of kinematic viscosity 
v=0.111 em*/sec. The surface length was L=1760 
em, and the depth of water was H=2 cm. Due to 
the high value of viscosity, the surface remained 
smooth for an appreciably large range of wind veloci- 
ties, as can be seen from the curve. For this range 
the set-up varies with the square of the wind velocity 
as it should. Waves were initiated when the wind 
velocity exceeded 650 cm/sec. The curve indicates 
that the increase in the value of the set-up starts 
with a jump. The projection of the straight line 
passing through the points of observation correspond- 
ing to small wind velocities is indicated by dashes. 
The quantity 5S, shown in the diagram, which is the 
excess over the dashed line, is taken to represent that 
part of the set-up due to waves. 

The same method of graphic partitioning was em- 
ployed in the results of the tests made with water 
depths of 14.5, 11, 8,6, and4ecm. As the tap water 
used in the tests was relatively pure, waves of sub- 
stantial size were obtained. The data are given in 
figures 19 and 20. The straight lines represent the 


magnitudes of S,, whereas the curves drawn through 
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the symbols show the excess of the observed set-up 
with respect to S,. These two quantities, S; and S5, 
are expressed as functions of the squares of the wind 
velocities. As is seen from the figures, S, commences 
to increase after V has exceeded a certain critical 
wind velocity, Vo. The figures suggest that the in- 
crease starts witha jump. ‘This fact will be ignored, 
and it will be assumed that the increase is from a null 
value and the changes are gradual. The curves rep- 
resenting S, are drawn accordingly. 

On the basis of dimensional reasoning it is to be 
expected that 


So , Vi (gv? p 1 ao 
L fi( ’ ’ —_ ); (67) 
VgH ygH Pa 
and as to the identification of Vo, 
V, , (22 é 2.) (68) 
VGH VgH Pa L 


Eliminating the parameter containing the kinematic 
viscosity, 


V9H ygH Pa L 


ae V V, ;, 
.( (69) 


L 


Now, if we take V, as 350, 360, 380, 420, and 440 
cm/sec, corresponding to water depths of 14.5, 11, 8, 
6, and 4 cm, respectively, then the additional set-up 
S? due to the waves may be represented as 

S,=C(V — V,)’. (70) 
The evidence for the statement is shown in figure 21. 
Since in this group of data the quantities L, g, u are 
not changed, the factor C may involve the depth /7. 
To determine the nature of dependence on the depth, 
the values of S, corresponding to (V—1,)?=50 10* 
are first read from the lines in figure 21 and are then 
transferred to the logarithmic plot of figure 22. The 
disposition of the poimts definitely lacks the even 
regularity of alinement that one naturally wishes to 
find. The points may be approximated by a straight 
line; but there is considerable latitude in the selection 
of the slope of the line. If one adopts the straight 
line drawn in the figure, then the equation for the 
partial set-up due to waves is 


S RB V —V,)’ 4 . 1 

, ’ \ ) 
L gH L 
10-*, and 14 has the values men- 
tioned above. If we disregard the small variations 
of \, for the different depths, the mean 1,=—390 
cm/sec is a suitable value. Adding to this the part 
due to skin friction, the expression for the set-up in 
the presence of waves is 


where B=2.08 


V—V 
gH 


SA 


2 (H\2 ~ 
La (7) » ties 





where 
A=33.010-%, B=2,08X 10-4, 

It is understandable that the expression represents 
with sufficient accuracy the data that were observe: 
Yet, neither the reality nor the dynamical significance 
of the quantity \ appearing in the formula can !» 
discussed at the moment in a manner satisfactory ‘o 
us. For this reason the quantity V) will be referred 
to as the formula characteristic velocity. 


3. Effect of Viscosity on Partial Set-Up Due To Waves 


It was shown previously, working with the data 
for smooth water surfaces, that the partial set-up 
S; is independent of viscosity. It now remains to 
investigate what effect, if any, viscosity will have on 
the partial set-up due to waves, that is on S). 

To consider this matter, a series of tests was car- 
ried out with a constant liquid depth of 8 em. In 
addition to water, sugar solutions of four different 
concentrations were used, thus making altogether 
five experimental liquids of unequal kinematic vis- 
cosities. The setups observed with these liquids 
for an effective surface length of 1,900 cm are shown 
in figure 23. The two components, S, and S;, of th 
total setup are plotted as functions of the squares 
of the wind velocities. It is to be noted that the 
S, line is common to all the liquids and is independent 
of viscosity. After drawing the curves through th 
S, points of observation, values of S, were read from 
these curves, the square roots of which are plotted 
in figure 24 against the wind velocity. The disposi- 
tion of the points is linear. This would mean that 
the form of the expression in eq 70 is valid for 
liquids of varying viscosity. The lines have practi- 
cally the same inclination independent of viscosity) 
and thus the value of C in eq 70, and hence the value 
of B appearing in eq 71, is not affected by viscosity 
The intersections of the lines with the axis of ve- 
locities give the formula characteristic velocity, \ 
which varies with the viscosity. Specifically, cor- 
responding to the successive viscosities ~=0.0092 
0.0154, 0.0217, 0.0351. 0.0600 cem2?/sec, the formula 
velocities are 1,—380, 630, 680, 720, 900 em /se 
respectively. 

Summarizing, the only effect of the increased 
viscosities is to increase the formula characteristi 
velocity. Asa result, then, the total setup observed 
for a given wind velocity decreases when the kine- 
matic viscosity of the liquid is increased. 


4. An Analysis of Hellstrom’s Data on Setup 


In deriving the law of setup expressed by eq 72 
the assumption was made tacitly that the limit: 
height of the air passage over the surface of t! 
water in these experiments does not substantial 
modify the magnitude of the resulting setup 
Had it not been for the fixed construction of t! 
channel, this circumstance would have been studi 
experimentally by varying the height of the 
passage for a given depth of water. Fortunate 
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Figure 23. 
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the experiments of Hellstrém are of value in discuss- 
ing the effect of size of air passage by comparison 
of results, as the channel used by Hellstrém had an 
air passage of relatively large depth. 

The data in figure 25 give the relationship between 
surface shear and depth of water for various wind 
velocities as found by Hellstrém. One modifica- 
tion was made on our part; that is, to conform to 
our results channel central velocities were changed 
to mean velocities in the channel cross section. The 
data in this figure may be made the basis on which 
to deduce the set-up magnitudes in the Hellstrém 
channel. The channel had a length of 300 cm and a 
depth of 50 cm. The average depth of the water 
in the experiments appeared to have been varied 
between the limits of approximately 2 and 4 cm. 

From the relation 


dh 
dz 


WT. 


99 
pgH’ (22b) 


if the set-up is small, can be derived the expression 


nr,L 
pg’ 


which connects the set-up with the effective average 
wind force over the entire fetch. Since Hellstrém 
has assigned to n the value 1.50, the proper relation 
to be used in deducing the set-up in his experiments is 


1.5rf, 
eg 


L 


S (74) 


Taking the data from figure 25, sequences of set-up 
values were obtained for the depths of 2, 3, and 4 
em. These computed values are given by the points 
plotted in figure 26. 

To compare these with the results of the present 
investigation it suffices to determine similar values 
of set-up, using eq 72. Now, it will be remembered 
that for water the formula characteristic velocity 
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Figure 25. The relation between wind velocity and depth of 


water in Hellstrém’s ex periments. 


We wis 


cm/sec, as the water depths where changed. 
to assign a similar tendency to be valid in the Hel! 


strém tests. Accordingly we assign to V, the mag 
nitudes 410, 390, and 370 cm/sec to apply to th 
depths of 2, 3, and 4 cm, respectively. The com 
puted values of the set-ups on this basis, using ou 
general formula, are shown likewise in figure 26 
The curves of the computed set-up values form 
band, and the Hellstrém values are within this band 
| Moreover, the sequence of the curves is the same as 
the sequence of the Hellstrém set-up values as the 
depths are changed. This shows that there is quit 
a satisfactory agreement between the general formula 
and the results from the Hellstrém channel. Ac 
cordingly, we are permitted to infer that the restric- 
tive effect of the small air passage in our experiments, 
if present, must have been small indeed. 


VII. The Probable Meaning of the Formula 
Characteristic Velocity 


1. Dimensional Requirements of the Monomial Set-Up 
Formulas 





Before we consider various topics related to the 
question of the formula characteristic velocities, it 
becomes necessary to see if the total set-up in asso- 
ciation with waves can admit representation by a 
single term. The general formula developed in this 
investigation is at variance with this possibility, 
whereas a monomial formula is implied in the work 
of Hellstrém. 

Hellstrém proposes that the relation between the 
wind force and the wind velocity be of the form 
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one must now infer that the corresponding expression 
for set-up is 

7 A’V?, (76) 
where A’ is independent of the depth of water. 

The set-up values that were deduced previously 
and considered during the analysis of the Hellstrém 
data are reproduced in figure 27. There are repro- 
duced also the set-up values observed in the tests of 
the present investigation with water for the region 
of high wind velocities. The graph representation 
is logarithmic and the observation points of the two 
groups of tests, one from Hellstrém’s channel which 
was 300 cm long and the other from our channel, 
which was 1,900 cm long, aline themselves linearly. 
In both cases the inclination of the lines representing 
the points may be taken to be approximately 3 to 1. 
Thus the formula of eq 76, applies equally well to 
the two groups of data from water surfaces covered 
with waves. 

Now in order that eq 76 may represent the physical 
law of set-up in laboratory channels, the right-hand 
member must be a dimensionless expression since 
the left-hand member is a dimensionless ratio. It will 
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be remembered that the data now being considered 
are from two groups of tests where the kinematic 
Accordingly, the general 


f ( . = 3" (77) 


The right member contains a factor involving the 
kinematic viscosity. The influence of this factor 
may be determined by considering the set-up data 
obtained with highly viscous sugar solutions subjected 
to large wind velocities. These data are shown in 
a separate logarithmic plotting in figure 28. The 
distribution of the points for a given viscosity are 
linear, and furthermore the inclination of the lines 
are in agreement with the expression in eq 77. 

If the S values for the velocities V=1,400, 1,000, 
and 800 em/sec be considered, as in figure 29, it 
is seen that these may be approximated by straight 
lines with a slope of —'s. Accordingly, if the expres- 
sion in eq 76 does represent a physical law, it must 
be of the form 


viscosities were the same. 
law could be 
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L alae : 
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It now remains to be seen if this is actually the 
physical law for the set-ups observed in the laboratory 
channels. Owing to the manner of the derivation, 
the separate exponents represent the effects of veloci- 
ty and kinematic viscosity. To examine the con- 
tingency that these exponents represent likewise 
the effect of channel length, the last expression will 
be written in the form 


(79) 


Accordingly, wind velocities and kinematic viscosi- 
ties remaining the same, the set-up observed is 
independent of the length of channel. As this deduc- 
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tion is contrary to observation, it is to be inferred th 
the monomial form for expressing the set-up 
invalid when set-ups are observed in laboratory cha: 
nels with the wind velocities sufficiently high to 
produce waves. 


2. Critical Wind Velocity for Wave Formation 


It was noted during the preparation of data fi 
analysis that almost invariably the formula chara: 
teristic velocity exceeded the critical wind velocit 
for generating waves. It may prove to be of some 
significance if a relationship can be established be- 
tween these two velocities. This in turn requires 
that the law giving the critical wind velocity fo: 
wave formation be first established. 

At very low wind velocities the surface of th 
water remained calm. In fact if one studied th: 
images of the vertical and the horizontal bars of 
windows reflected from the water surface, the) 
appeared as even bands extending laterally and 
longitudinally over the water surface. On increas- 
ing the wind velocity, a tremor of the water surface 
was noticed, and the reflections of the bars now had 
the appearance of sinusoidal bands. This condition 
extended from one end of the channel to the other, 
except that there was a tendency for the amplitudes 
of the irregularities to increase somewhat with 
distance. With a further increase of the wind ve- 
locity the tremor of the water surface was consider- 
ably augmented until finally the reflected shadows 
were confused. Experience showed that this state 
of the water surface was precedent to the appearance 
of waves, and in fact only a slight further increase 
in the wind velocity would be sufficient for the forma- 
tion of waves. 

The waves first formed were two dimensional, 
their length being estimated to be close to 4 em. 
The wave heights were less than 2 mm, but this 
value could not be definitely determined since it was 
effected by the meniscus at the glass wall. Initially 
when the waves were formed, they did not cover the 
entire area of the water surface but were seen first in 
the leeward part of the channel. This would mean 
that an initial fetch of length, X,, is necessary for 
the waves to appear, or more precisely to be visible 
to the eye. With increasing wind velocities the 
length of the initial fetch gradually decreased. To 
examine the magnitude of the decrease a few observa- 
tions were made at water depths of 14.5 and 8 cm 
The data from these observations are shown in figur: 
30. It is obvious that for these observations the 
initial fetch is inversely proportienal to the squar 
root of the velocity of the wind. When the initial 
fetch decreased to a length of about 1 or 1% m, a 
new condition of the surface was manifested. The 
area between the windward water edge and _ the 
locality where the initial two-dimensional waves o! 
the wavelength of 4 cm were first noted was covered 
with ripples. These ripples were three-dimensiona! 
and were about 2 cm long. One noticed with 
amazement the sharp and distinct issuing of the 
initial two-dimensional waves of wavelength of 4 
cm at the lower end of the area of the ripples. With 
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creater wind velocities the initial area of the ripples | the dependence can be on the depth of water, the 


was somewhat decreased; but in these investigations 
the length of the area never fell below 60 cm. 

When the initial fetch for the startof the waves was 
small, which occurred at high wind velocities, wave 
height and wavelength increased with -listance. 
With some exceptions, the increase of the wave 
height was proportional to the square root of distance, 
whereas the increase of wavelength was proportional 
to the distance. When the initial fetch was large, 
which corresponded to small velocities, it was ob- 
served at times that the waves once formed would be 
damped out, but reappeared near the leeward end of 
the channel. 

The condition of variable fetch at the start of the 
waves and the tendency of waves to damp out when 
the wind velocity was small made it difficult to de- 
termine the particular wind velocity to be associated 
with the formation of waves. The matter of obser- 
vation of the critical wind velocities for wave genesis 
was resolved as follows. Three initial fetches, of 
lengths 1,000, 800, and 600 cm were selected and 
the corresponding wind velocities determined. The 
average value of the three velocities was taken to 
represent the critical wind velocity, V., for the wave 
formation. When using water alone, the critical 
wind velocities were determined for depths of 14.5, 
11, 8, 6, and 4 cm. When using more viscous solu- 
tions, the depths were 8, 4, and 2 cm. 

In the presentation of data we follow the procedure 
of dimensional analysis. If it be assumed that the 
critical wind velocity is independent of fetch, then 
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Figure 31. Critical wind velocity for the start of waves. 
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kinematic viscosity of the liquid, and the densities 
of the air and the liquid. Accordingly, 


V 


Hl yg). 
vi 


F(lgvp/pa)'* (80) 


Conforming with this, the observed data are pre- 
sented in the logarithmic plotting in figure 31. De- 
spite the difficulty encountered in the observation 
of the critical wind velocities, the distribution of the 
points is sufficiently regular to allow the drawing of 
a straight line to represent them. Since the slope 
of the line drawn is unity, the critical wind velocity 
is independent of depth of liquid. Accordingly the 
desired form of the law is, very simply, 


V.=16.2(gpv/p,)'”. (81) 


Interestingly enough the form of the criterion 
accords well with the form that Harold Jeffreys [7] 
has derived theoretically. The only disagreement 
is in the numerical values of observation. The 
observations made by Jeffreys in open lakes and 
rivers suggest that the numerical value of the coeffi- 
cient is about one-third as great as that given in eq 
81. The cause of the disagreement may be the 
possibility that the critical value in reality depends 
also on the fetch of the initial waves noted. This 
aspect of the question deserves an examination in 
channels of variable lengths. 


3. Correlation Between the Critical Wind Velocity 
and the Formula Characteristic velocity 


As mentioned previously, it was noted during the 
work of data reduction that a correlation may exist 
between the critical wind velocity and the formula 
characteristic velocity. Since, as shown above, the 
factors affecting the critical wind velocity assume a 
very simple relationship, it would likewise seem 
sufficient to consider the dependence of the formula 
characteristic velocity on the kinematic viscosity 
and the channel length in the manner carried out in 
figure 32. The open circles in the figure are the 
values obtained during the analysis of the set-up 
due to waves, and the values of the associated 
formula characteristic velocity were indicated pre- 
viously. The values corresponding to the black 
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circles were obtained in a different manner. The 
method is suggested from the graph in figure 18. 
The velocity concurrent with the sudden increase 


in the set-up values due to the presence of waves is 


interpreted as a value close to V>. The full circles 
are from tests with small liquid depths and with high 
viscosities. 

The distribution of the points suggests that it 
should suffice to represent the data by a horizontal 
line. Thus the formula characteristic velocity is 
independent of channel length and is proportional 
to critical wind velocity for the generation of waves. 
More specifically 


Vo=21.0(gpv/p,)'” (82) 


The reader unquestionably will suspect, and this 


very justly, that we have tended to an over-simplifi- | 


cation in this representation. Although the use of 
the formula characteristic velocity has caused a 


simpler representation of the set-up relationship | 


in the general formula, this velocity by itself must 
have reference to various hydrodynamic elements 


involving dissipation and relative velocities such as | 


the velocity of the waves with respect to the velocity 
of wind and also the velocity of the drift current at 
the of the water. At the moment the 
author is not prepared to discuss these matters 
satisfactorily. If dissipation really plays a large 
part in forming the formula characteristic velocity, 
then the opinion may be expressed that with greater 


urface 


liquid depths the magnitude of the formula char- 


acteristic velocity decreases. 


4. A Possible Mathematical Basis for the Law of 
Partial Set-up Due To Waves 


As mentioned before, between the points rep- 
resenting S, values and the curves intended to 
represent the course of the data, there exist small 
disparities. This fact no doubt has a bearing on the 
accuracy of the determinations, first of the formula 
velocity, Vo, and second of the exponent of ///L 
occurring in the formula for the partial set-up S), that 
is in the expression of eq 71. Accordingly, if one can 
formulate a mathematical basis that will justify the 
form of the law for S,, independent of the actual 
methods of reductions used, this should prove to be 
very illuminating. 

Pursuant to our original ideas and opinions we will 
suppose that when waves present each crest 
contributes an additional resistance, and the resist- 
ance, in its major part at due to form 
resistance. Let FR be the resistance. The length of 
waves being A, the added shear due to waves is 


are 


least, is 


T2=R)X. (83) 


As for the law relating to R we may suppose that 


R cp.(V — V,)*a, (84) 


At the 


where a is the half value of wave height. 
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moment nothing will be said as to the cause or (hy 
origin of Vy. Thus, the added shear is 


T 32=Cpa(V — V,)*a/X. 


Substituting in the expression 
(S ) 
dz 


and integrating with respect to z, there is obtaine: 


T 32 


» pgH’ 


S, (V dr. (S6 


Cc; 


Vi)? eo a 
gH J9 oN 





If the variation of a/A with respect to x be known for 
the waves generated in shallow channels by the 
action of wind, the integration required above will 
lead to an expression for the set-up S, due to waves 
only. 

Next it shall be supposed that the law of growth of 
waves in shallow waters is virtually 


aw~ V!?Hz?, (87 
and 
hw~ V'2H2z, 


for sufficiently large values of V. Hence, we have 


That is, the steepness of wind waves in shallow water 
with distance in the leeward direction 


(" a 
o A 
there results, by substituting in eq 86 


which in fact is the form that was adopted in thy 
analysis of the set-up due to waves. 

In the above derivation three separate assumptions 
are used. These are represented by eq 85, 87, and 


decreases 
Since 


40 


dz c.f! od Pale 


S, RB H 


V,)? 
L gH (7 


88. Each of these assumptions is amenable to ex- 
perimental examination. This work is now under 
way. 


VIII. An Application to Natural Conditions 


In his fine treatise Hellstrém gives some data on 
the wind effects of storms on Lake Erie. It will 
be interesting to compare the magnitudes of the 
set-ups occurring during these storms with the com- 
puted values to be obtained with the general formula 
of the present investigation. The observed set-ups 
at Lake Erie are shown in figure 33 by the plotted 
points. 
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Comparison of observed sel-up in Lake Erie d ering 
storms with equation 8 


In applying the general formula, eq 72, a statement 
s necessary regarding the value of the formula char- 
acteristic velocity appropriate for natural conditions. 
\s was mentioned previously, the critical wind ve 
locity for the genesis of waves on large bodies of 
water is about one-third as great as the correspond- 
ing value obtained in our laboratory channel. 
Furthermore, it was also shown that the formula 
characteristic velocity is about 1.3 times larger than 
the critical wind velocity. Thus it is to be expected, 
as the formula characteristic velocity is of the order 
of 100 em/see for large bodies of water, that only a 
minor error will be made if this velocity is omitted 
With this understanding the set-up expression for 
natural conditions may be given in the form 


8 (HY . 
“Wee of 63 (7) \u ” 


and this should apply to large bodies of water, the 


nfinement approximating the shape of a rectangular 
hannel of a uniform cross section 

The average depth of Lake Erie being m and 
he length 377 km, computations on the basis of the 
hove formula rave a set of values of the expected 
t-up shown by the heavy straight line in figure 33 
will be remembered that the difference between 
© surface elevations at the extreme ends of the 
ike is defined as the set-up 

The agreement between the laboratory results and 
¢© observed set-up during storms may be deemed 
itisfactory. However, this relationship can neither 
© elaborated on nor discussed with a sense of fi- 
ality In order to make a definite evaluation of 


1+ 


the rigor of the general formula proposed on the 
basis of the tests of the present investigation, it is 
necessary to have reliable observational data from 
numerous lakes or reservoirs with different depth 
length ratios. Such data are not known to us at 
the present. 


IX. The Need of New Experiments 


One of the most significant deductions from the 
general set-up formula developed from these tests is 
in relation to the effective stresses at the surface of 
the water. Ordinarily it is supposed that the stress 
or the wind force is independent of the length of 
channel. The tests of the present investigation, 
however, show that the stress depends on the length 
of the channel. If this result holds in general, model 
experimentation on wind effects to simulate proto- 
tvpe conditions and effects will be out of the 
question, 

Regarding this effect of channel length, two pos- 
sibilities may be imagined, First, the effect of the 
length on the effective magnitude of the wind force 
may continue indefinitely when the channel length 
is increased keeping the water depth constant. 
Second, the effect may become gradually less impor- 
tant with increased length and less than that required 
by the general formula now given. 

These matters can be studied within certain 
limitations in a new series of tests with channels much 
longer than the channel used in the present investiga- 
tion. At the National Hydraulic Laboratory there 
are now available channels of sufficient length, and 
it is our intention to resume experiments when oppor- 
tunity permits 


The author expresses his appreciation for the 
careful and thorough experimental work of his assist- 
ants, Marion R. Brockman and Victor Brame, without 
which it would have been impossible to complete this 
Investigation 
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Infrared Spectrum of Bromochlorofluoromethane 
Earle K. Plyler and Mary A. Lamb 


The spectrum of bromochlorofluoromethane has been measured in order to compare the 
numbers of the fundamental bands with those of other substituted methanes con- 
The positions of the absorption bands have been determined for the 
liquid and vapor states and all fundamental bandsexcept one at 220 cm~' have been observed. 


wave 
taining the halogens. 
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The position of this band has been predicted from other bands that are classified as com- 


binations of two fundamental bands, one of which was the 220 cm=-' band 


Many of the 


bands of low or medium intensity have been classified as combinations or overtones of the 


nine fundamentals 


The spectra of many substituted meihanes have 
been measured in the infrared, and normal coordinate 
calculations have been made on the fundamental 
modes of vibration of these molecules.' Good agree- 
ment has been found between the experimental and 
theoretical values to the fundamental 
vibrations. 

The number of different fundamental vibrations 
can be determined from the symmetry of the mole- 
cule. For example, molecules like methane or tetra- 
fluoromethane have four different vibrations, mol - 
cules of the type of chloroform and fluoroform have 
six different fundamental frequencies, and molecules 
of the type of methylene chloride and bromochloro- 
fluoromethane have nine separate fundamental fre- 


== | 
assignec 


quencies. When the hydrogens of methane are 
substituted by the different halogen atoms, the 


number of molecular constants increases, and it is 
more difficult to obtain good agreement between the 
observed and calculated positions for the bands. 
Methods for carrying out the calculations with some 
simplifications have been described by Decius.? The 
compound bromochlorofluoromethane is of interest 
for it does not have a center or axis of symmetry. 

The purpose of this investigation was to study the 
spectrum of bromochlorofluoromethane and to assign 
the fundamental bands. A comparison of the spec- 
trum of bromochlorofluoromethane with the assigned 
vibrations in the spectra of related halogen- 
substituted methanes is helpful in making the assign- 
ments and in attributing them to motions of par- 
ticular atoms. The dichlorofluoromethane assign- 
ments are also helpful in making the identification 
of the C-Cl and C-F bending and stretching vibra- 
tions in bromochlorofluoromethane. The identifica- 
tion of the C-Br bending and stretching vibrations 
were made by comparison of the spectrum with the 
assigned spectrum of dibromochloromethane. 

The bromochlorofluoromethane was obtained from 
Halogen Chemicals Inc., where it was repurified so 
that it was suitable for spectroscopic measurements. 
The compound was redistilled into three fractions by 
W. Harold Smith, of the Bureau’s Organic Chemistry 
Section. Tests of the purity of two of the fractions 
were made in the Mass Spectrometry Section of 


G. Herzberg, Infrared and Raman 
Nostrand Co., Inc., New York 
?J. C. Decius, J. Chem. Phys 


spectra of polyatomic molecules (D. Van 
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this Bureau, and the results showed that the dis- 
tilled fraction with the intermediate boiling point, 
37° C, was 98 percent of bromochlorofluoromethan 
The principal impurities were probably dichloro- 
bromomethane and_ dichlorofluoromethane. The 
fraction with the lower boiling point, 29.5° to 35.8 


C, showed 95.1 percent of bromochlorofluoro- 
methane, and the most likely impurities wer 
dibromofluoromethane, dichlorofluoromethane, and 


dichlorobromomethane. The spectra of the three 
fractions were essentially the same. Some slight 
differences in the intensity of weak bands were noted; 
these coincided in position with the strongest bands 
in the spectra of the most likely impurities and are 
attributed to those molecules. These are discussed 
later. 

The infrared absorption spectrum of bromochloro- 
fluoromethane has been measured in both the liquid 
and vapor states. Although all three distillation 
fractions were measured, only the spectrum of the 
fraction with the intermediate boiling point, 37° C, 
will be presented since this was the fraction of highest 
purity. In figure 1, A, is shown the region from 2 
to 15 w of the spectrum of the compound in the liquid 
state as measured by a Perkin-Elmer spectrometer 
with the lithium fluoride and sodium chloride prisms 
The broken line portions of the curve represent the 
weak bands, which are probably due to the impuri- 
ties present in the fraction, and they also represent 
regions of atmospheric water absorption where the 
shapes and positions of the bands were difficult to 
determine accurately. These regions have been 
plotted using the spectrum measured on a Baird 
infrared spectrophotometer. Five of the nine funda- 
mental vibrations are present in this region, and 
most of the other bands have been assigned as com- 
bination or overtone bands. A list of the bands 
with their assignments is included in table 1. The 
region from 15 to 23 yw, as measured with a potassium 
bromide prism, and the region from 23 to 38 uy, as 
measured with a thallium bromide-iodide prism, a! 
shown in figure 1, B. Three of the remaining fo 
fundamental bands have been assigned to bands | 
this region. The ninth fundamental vibration has 
not been observed directly, but may be a value o! 
220 cm™ on the basis of observed combination at 
difference bands. This band is beyond the range of 
the thallium bromide-iodide prism. 
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In figure 1, ¢ 
the vapor spectrum in the region from 2 to 23 u. 
Most of these bands show evidence of P, Q, and R 
branches. The C-H stretching vibration at 3,023 
em”! is shown on an enlarged scale so that the detail | 
of the band can be seen more clearly. The bands | 
shown are of the same relative intensities as they were 
in the measurements of the liquid state. There is 
noted, however, a slight shift to larger wave numbers 
of not more than 10 em™! for the vapor state from the 
wave numbers observed in the liquid state spectrum. 

In table 1 are listed all of the observed bands as 
observed in the liquid state of appreciable intensity 
with their intensities denoted by abbreviations for 
very weak, weak, medium, strong, or very strong. 
The assignments of the bands have also been given 
as fundamental, combination, overtone, or difference 
bands. All of the intense bands are classified and fall 
into a consistent array based on the nine fundamental 
vibrations. Several of the assignments for weaker 
bands may not be correct, and eight observed weak 
bands have not been assigned in the table. It is 
possible that these weak bands arise from the small 
quantities of impurities in the compound. For 
example, the bands observed at 605, 721, and 1,168 
em™~' may be due to the dichlorobromomethane fun- 
damental frequencies v3, vz, and vg respectively, also 
the observed band at 848 cm~! may arise from tri- 
chlorofluoromethane. The unassigned band at 790 
em~' possibly may be explained as a combination 
band of dichlorobromomethane, »;+ »;. To an ap- 


wave wuweEeS ww CM 
300 


’, are shown the more intense bands in | proximation the bands may be considered as arising 


from stretching and bending vibrations of each 
peripheral atom (H, Br, Cl, F) with respect to the 
carbon atom. This would account for eight funda- 
mental modes of vibration. The ninth fundamental 
band could be considered as a torsional motion of the 
molecule, but since the hydrogen atom is so much 
lighter than the halogens, the motion in this mode 
may equally well be considered a second degree of 
freedom of bending of the CH bond. 

The spectrum of bromochlorofluoromethane should 
be similar to that of dichlorofluoromethane except 
for the modes of motion primarily involving 
the C-Br group, which should occur at lower fre- 
quencies for bromochlorofluoromethane than the 
corresponding C-Cl group in dichlorofluoromethane. 
Thus, for example, the band with the wave number 
of 3,023 em is identified as the C-H stretching, 
v,, Vibration and the bands with wave numbers of 

,.202 and 1,299 em™ are classified as the two bending 
vibrations of CH. These two types of vibrations 
are referred to as v“" and 6%, respectively, in table 1, 
and the same type of symbols are used to designate 
the other bands. Similar relationships hold between 
the unsymmetrical CHBrCIF and the other kindred 
methane derivatives. 

A comparison of the fundamentals of all four re- 
lated molecules is shown in table 2. The assign- 
ments of the observed bands of the three latter 
methanes have been made and will be published later 
with a group of substituted methane derivatives. 
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1, Liquid state from 2 to 15 gw: B, liquid stat 


from 14 to 38 pg; C 


intense bands, vapor state from 3 to 16 w 
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TABLE 


Classification of the 


observed bands 


of bromochlorofluoromethane 


Assign Wave Wave 
Intensity . 
ment length number 
“ cm 
45 . ra 
W 1.9 13 
vw 20.0 345 
‘ M z 426 
W 2 420 
W 271.8 15s 
+ W 18. 4 536 
Vw 1k. 0 54 
Ww 16. 78 su6 
M le HOS 
2 M 6. { 622 
Vs Dri 65. 
W l 7 721 
‘ M 13. 62 734 
Vs 2.9 772 
M 2¢ TOO 
2 Ww ! ) S45 
W l AS) 
VVW ; we 
W 20 o72 
Vs 4 1080 
2 Vw a) 110s 
Vs 8. 32 1202 
vw s. (4 1243 
= ie) oe 
W 1429 
w“ t LASS 
vw 4 1s 
VVW 6. 2 1613 
M ‘ 2105 
vw +) 227 
2 vw 4+. 182 201 
2 W 4.132 —m) 
Vw 179 2513 
VW M47 2509 
M 0s wz 
VW 2 he 
vw 2. 426 4122 
\ > 348 4259 
W ne 1367 
BK ! 


The bands of bromofluorochloromethane have slight 
smaller wave numbers than those of the correspon 
ing dichlorofluoromethane bands. However  t¢! 
C-H s‘retching vibration is about equal for bo 
compounds. 

TABLE 2 fundamental 
dichlorofluoromethane, 


Comparison of the frequencies 


hromoc hlorofluorome thane Al bromo 


c hlorofluorome thane ’ and dibromoc hlorome thane 


Wave number (cm 





Assign 
ment 
CHCht CHBrCIF CHBrCl CHBr,Cl 
Tt ee Zh) 
~ 1S 21 a 

ia $2" tw 27s 
742 we 0 
sot rr 719 746 
1079 ow uw 57 
1242 1202 1211 1144 
1304 1200 L1ts 11s 
wr PA} veo 4 


The Raman spectrum of bromochlorofluorometh 
ane has been measured by Glockler and Leade: 
They found Raman lines that check well in wav 
number with the fundamentals assigned in the pres 
ent work. Except for the CH stretching vibratior 
the Raman values were not differet 
tvpes of vibrations of the molecules 


assigned to 


WASHINGTON, October 23, 1950 
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Surface Tension of Molten Alkali Silicates 


Leo Shartsis and Sam Spinner 


The surface tensions of a series of lithium, sodium, and potassium silicate melts were 
measured by a maximum-pull-on-cylinder method. The order Li>Na™>K was established 
for surface tension as well as for the algebraic value of the temperature coefficient of surface 


tension 


Lithia and soda raised the surface tension, and potash lowered it. The surface 


tension curves of different alkali content converged with increasing temperature for lithium 


and sodium, but diverged for potassium silicates. 


Liquids containing less than 33 mole 


percent of lithia had positive temperature coefficients of surface tension. Correlation was 
observed between alkali content, volume expansivity, and temperature coefficient of surface 


tension 


I. Introduction 


One of the fundamental aims of the scientific study 
of glass-forming systems is to find relationships 
between composition and properties that will lead to 
a better understanding of the glassy state. For this 
purpose, studies of the change in properties resulting 
from sy stematic variations in composition of simple 
glass-forming systems are necessary. In planning 
such experiments, it is neither necessary nor desirable 
to limit the composition range to formulations where 
glasses are readily formed on cooling. In many 
such systems, the glass-forming region shades off 
gradually into the non-glass-forming region, and useful 
information may be obtained by extending the form- 
ulations range beyond the glass-forming region. 

Surface tension is one of the physical properties of 
glass-forming materials that is related to certain 
working properties of glasses. These properties 
include the fining of glass (removal of bubbles 
healing of glass blisters, the adhesion of hot glass to 
hot glass and other heated solids, the fire polishing 
of rough edges and surfaces, ete. 

The common constituent of practical glasses is 
siO,. Unfortunately, there are not many oxides 
that can be conveniently added alone to SiO, to form 
However, the alkaline oxides, Li,O, Na,O, 
and K,O, are among those that form binary glasses 
with SiQ,, and a study of these systems was under- 
taken. The objectives of this investigation were to 
determine (1) how the surface tension varied with 
omposition and temperature, (2) how the tempera- 
ture coefficient of surface tension varied with com- 
position, and (3) how the temperature coefficient of 
surface tension varied with expansivity. 


glasses 


Il. Preparation of Melts and Methods of Tests 
1. Preparation of Melts 


The liquids investigated were made by melting in 
atinum crucibles the requisite amounts of raw 
aterials of the purity ' used for optical glasses. The 


ypu arial ( c SiOe-99.71, FerOs-0.01, ReO 11, HF residue-).20 
On 1oOss-0).00 Potast equired to contain over GS‘ f KoCOs, negligibk 
f colori vicke Mn, Cr, Ni, Fe) and be completely soluble in water 
! equired t nt t least 58% of NaoO, same negligible amount 
i nad t et bl 


melts, weighing approximately 500 g, were stirred 
with a motor-driven (propellor-type) platinum stirrer. 
When they seemed homogeneous, they were poured 
into iron molds. 


2. Chemical Analysis 


Samples from each melt were analyzed for alkali 
oxide content by evaporation to dryness on a steam 
bath with HF to the corresponding fluosilicate and 
followed by drying at 135° C to constant weight. 
With higher alkali content better reproducibility of 
the analyses was obtained by evaporation with HF 
and H,SO, to the sulphate, followed by heating to 
constant weight at approximately 600°C. Analyses 
were made also of many of the samples remaining 
from the individual determinations of surface tension. 


3. Measurement of Surface Tension 


The method for measuring surface tension in use 
in this laboratory [1]* was that of determining the 
maximum pull exerted on a thin-walled platinum 
evlinder when its lower edge was in contact with the 
test liquid. In general the first determination of 
surface tension of any melt was made at 1,400° C 
Subsequent measurements were made at 100-deg C 
intervals, decreasing the temperature until the glass 
was too viscous to vield in a reasonable time, or 
until crystallization occurred, 


4. Measurement of Density 


In order to obtain accurate values of surface ten- 
sion with the method used, it was necessary to know 
the density of the liquid at the temperature of test 
These densities were determined by a counter- 
balanced-sphere method [2]. Expansivities were 
calculated from the change of density with tempera- 
ture 
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Ill. Results and Discussion 
l. The System Li,O-SiO, 


Table 1 gives the surface tension values obtained, 
and figure 1 shows the data in graphical form. 
Below 16 percent of lithia, surface tension measure- 
ments could not be made at temperatures less than 
1,300° C beeause of crystallization. Above 20 
percent of lithia the lowest temperatures at which 
surface tensions could be measured rose from 1,000° C 
to about 1,200° C. The curves of surface tension 
versus temperature appear to converge with in- 
creasing temperature. It will be noted (fig. 1) that 
the surface tension values of liquids containing less 
than 20 percent of lithia increases with rise in tem- 
perature, which means that in this case the tempera- 
ture coefficient of surface tension (da/dt) has a posi- 
tive sign. This result can be contrasted with fam- 
iliar liquids whose surface tension decreases with 
rise in temperature, that da/dt has a negative 
sign. In discussing changes in the magnitude of 
da/dt of ordinary liquids it has been tacitly assumed 
in the literature that the sign is always negative and 
only the absolute values are of concern. However, 
in the present study liquids exhibiting both positive 
and negative temperature coefficients are encount- 
ered, and the algebraic sign as well as the magnitude 
must be kept in mind. 
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Fictre 1 Surface tension of liquids in the system LizO-SiO, 
as a function of temperature. | 
The percentage of LipO is shown just above each curve 


The upper part of figure 5 shows a plot of tl 
surface tensions of lithia-silica liquids at 1,300° 
as a function of composition. The surface tensix 
goes up with increasing lithia content. The val 
found by Jaeger [3] for the metasilicate compositix 
(cross in fig. 5) is about 10 dynes/em higher (2.8 
©) than that obtained in this investigation. Th 
lower portion of figure 5 shows a plot of the ten 
perature coefficient of surface tension at 1,300° ¢ 
versus composition. The temperature coefficient 
becomes more negative with increasing amounts of 
lithia. Liquids containing than 33.4 mo 
percent of lithia have positive temperature cofficient 

These data permit inferences regarding — thy 
properties of vitreous silica. Unless the curve (fig 
5) has a minimum in the region below 21.5 mol 
percent of lithia or shows other unusual dependenc 
on lithia content, the surface tension of vitreous 
silica at 1,300° C is of the order of 300 dynes/cm 
With the same reservations a parallel inference that 
the temperature coefficient of surface tension is 
positive may be made. 


less 


2. The System Na,O-SiO, 


Table 2 gives the results obtained with liquids in 
the soda-silica system, and figure 2 shows the results 
in graphical form. The effect of increasing tem- 
perature to decrease the surface tension for a 
given composition and to decrease the magnitude 
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Ficure 2. Surface tension of liquids in the system Na»! 


SiO, as a function of temperature. 


rhe percentage of Naj:O is shown just above each curve 
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TABLE |! Surface tension, temperature coefficient of surface tension, and expansivity of liquids in the system Li,O-SiO, 
Weight Mok Surface tension at Volun 
percent percent - sider pan 
of 1 oO LirO : 1 MH { vity 
1.400" ( 100 ¢ 1200 ¢ Lio ¢ Loon ¢ 
Dynesiem Dynesiom Dynes/em Dynesicom Dynesicm Dynesicm)° ppm” ¢« 
0 21 12.1 
) 22.9 116.3 10.8 ith 
2s 16.5 $1 1 $13 411.9 0.01 w.7 
8 0.3 16.8 se 16.2 114.7 28 003 " 
‘ $2. ¢ 15.8 s18. 4 417.8 116.9 is Mi) “as 
20.0 3.4 20.1 $20. 2 $20.0 ou. 4 0 6.0 
21.8 $5 v4 323 323.9 $23. 3 » 006 8 
‘ 8.7 27.9 $28.4 320. 1 $28.3 uM a1 3 
; ‘ $ l 2.1 $33.1 $34. 1 old 2 
7.8 13.6 34.2 $36. 3 338.4 rt 1.8 
’ 45.9 MO.8 $43.4 “ 10 r) 
) ‘8 f s44 +48. 1 g2 Lay 
l 443.9 $46.9 030 j 
50.3 52.3 RS. 5 032 
4 l o.4 30.1 73.9 O48 
“1.9 “4.0 174.9 ‘79. 1 46 
4 mi.2 [SS] ON 
k re brack ire extrapolated lu 
TABLE 2, Surface tension, temperature coe flicient of surface tension, and volume expansivity of some 
liquids in the system NaeO-SiO 
Surface nsion at 
We Mole per arte Volume 
ree A wwiAf a volun 
1.300% “7 
NazO NazO 1,400°C 1,300° 1,200°¢ 1,100°C 1,000°C nye vity 
Dynes « 1 Dynesiom Dune 7 Dyne n Dynes n Dyne n ( j nC 
7] 19 273. 1 2 ts 276. 2 276. € 0. 008 ‘ 
0.8 w.1 873. 7 279. 7 282. 1 m4 O68, 0 (y2¢ tit 
2.9 274. 4 230.9 253. 8 aN. 4 280. 0 0 xD 
6.9 6.2 O75. 2n2.8 Qn5. 26M rT xA 
0.0 40.2 ws4 4. ¢ 100.0 O52 112 
of the difference in the surface tensions of the | increased. The data of Parmelee et al. [4] (hollow 


different compositions. 

The upper part of figure 3 shows the effect of 
varying the soda content on the surface tension at 
1,300° C. The straight line was drawn through the 
data of other investigators, while the curved line was 
drawn through the data of the present investigation. 
Three of the other investigators [4, 5, 6] used a 
maximum pressure method and one [7] used a 
modified drop-weight method. All the data are 
agreed in showing that the surface tension increases 
about 10 to 15 dynes/em as the soda content in- 
creases from 20 to 50 percent by weight. The values 
in the present investigation are lower by approxi- 
mately 6 dynes/em (2.1%) than the average of the 
other investigators. In a previous investigation of 
the PbO-SiO, [8] svstem it was found that the maxi 
mum pull-on-cylinder method was higher than the 
drop-weight method [7] by about 9 dynes/em. This 
suggests that differences between methods may be 
influenced by the compositions of the materials 
tested. The lower part of figure 3 shows a plot of 
the temperature coefficient of surface tension versus 
composition. Nearly all the available data indicate 
that the temperature coefficient becomes increasingly 
negative with increasing soda content. 

As in the lithia-silica system the inference that 
vitreous silica at 1,300° C has a surface tension value 
of the order of 300 dy nes/cm may be drawn unless the 


circles) suggest that this is indeed the case. The 
inference that do/dt for vitreous silica is positive may 
also be drawn from its relation to soda content. 
Parmelee's [4] data (hollow circles) show, however, 
some evidence of a decrease or even a reversal of the 
tendency for the temperature coefficient to become 
more positive with decreasing soda content in the 


region below 25 percent of soda. 


3. The System K,O-SiO, 


Table 3 gives the results of two sets of determina- 
tions on eight liquids of different K,O content, and 
figure 4 shows the data of the second set of determi- 
nations in graphical form. It may be seen that the 
effect on surface tension of differences in potash con- 
tent is very small at 1,000° C but increases with 
increasing temperature. This divergence of the 
curves with increasing temperature is contrary to the 
experience with the lithia and soda silicates (figs. 1 
and 2) where the different composition curves con- 
verge with increasing temperature. These con- 
trasts in behavior correlate with the fact that both 
lithia and soda raise the surface tension of Sif do, 
whereas potash lowers it. 

Some conclusions may be drawn regarding changes 
in surface concentration of potash by applying the 
Gibbs adsorption isotherm [9]. The divergence of the 


curve starts upward again as the silica content is | curves with increasing temperature means that the 
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Weight Mok etern Surface tension at 
percent percent natior 
of 0 0 { 1umber : : 
K {K20 | nun 1,400° ( 1,300° ( 1,200° ¢ 1, 100° ¢ 
Dynesiom Dyneaieom Dynesiom Dynes 
42 ¢ : I 27.7 212.1 216.1 221.1 
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- 2 iS, 7 212.8 216. 6 20.7 
4 210.0 13.0 217.6 221.3 
as 6.9 211.0 212.8 216 220.9 
2 2. 3 213.2 217.1 221.4 
Ave 210.2 213.0 214.9 721.2 
. a 213.9 216. 5 218. 6 4 
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change of surface tension with change in concentra- 
tion of potash, Ao/Ac which may be called the con- 
centration coefficient for convenience, increases in 
absolute magnitude with temperature. Since Ao/Ac 
s negative, the concentration of potash in the surface 
s greater than in the interior of the liquid according 
to the Gibbs adsorption isotherm. The increase in 
negative magnitude of Ao/Ac with increase in tem- 
perature means that the excess potash in the surface 
becomes greater as the temperature is raised. In 
the lithia and soda systems, the concentration coeffi- 
cients are positive and become smaller as the tem- 
perature is raised. As there is less of these alkalies 
in the surface than in the interior and this 
deficiency becomes less as the temperature is raised, 
the concentration of alkali in the surface increases 
with temperature 

In the above considerations, concentrations have 
been used instead of activities. A recent publication 
of Callow [10] has given the order of magnitude of 
the activity coefficients to be associated with the 
alkali concentrations. As the activity coefficients 
are always positive, they cannot change the alge- 
braic sign of the concentration coefficients. There- 
fore, the general conclusions drawn here will not be 
affected 

The upper part of figure 5 shows a plot of the sur- 
face tension at 1,300° C as a function of the potash 
content. The effect of increasing the potash content 
is to lower the surface tension. There is a reason 
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for not expecting a linear extrapolation of this curve 
to 0 percent of potash to vield a correct value for the 
surface tension of pure silica at 1,300° C When a 
substance lowers the surface tension of the liquid, 
the effect of the initial additions is usually much 
greater than that of the succeeding additions [9] 
Therefore, linear extrapolation to 0 percent of K,O 
would be expected to give too low a value for the 
surface tension of pure silica at 1,300° C 

The lower part of figure 5 shows the effect of com- 
position on the temperature coefficient of surface 
tension at 1,300° C. The general trend is for the 
temperature coefficients to become more negative 
with increasing K,O content. Linear extrapolation 
of the temperature coefficient to 0 percent of potash 
indicates a positive temperature coefficient of surface 
tension for pure silica at 1,300° C, in agreement with 
the measurements of the LigO-SiO, and Na,O-SiQ, 
systems. 


4. Comparison of the Surface Tensions of the Alkali 
Silicates 


The upper part of figure 5 shows a plot of the sur- 
face tension at 1,300° C of the systems investigated 
versus the mole percent of alkali, The order 
Li>Na>K found is the same as that observed by 
Jaeger [3] for molten salts and by Badger [11] for 
equal molar alkali additions to a soda-lime-silica base 
glass. 

The lower part of figure 
temperature coefficient of surface tension at 1,300 
C versus mole percent of alkali. Comparing the 
values of the coefficient (at the disilicate composi- 
tion) the order Li>Na>K is found to hold in the 
sense that Li gives more positive coefficients than 
Na and Na gives more positive ones than K. 


5 shows a plot of the 


5. Temperature Coefficients and Expansivity 


The normal process tending to lower the surface 
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sidered to be associated with the decrease in the 
force of attraction between adjacent molecules as 
their average distance of separation increases with 
rising temperature. This suggests that the mech- 
anism leading to negative temperature coefficients 
should have some relation to the expansivity. It 
has been deduced from theoretical considerations [9] 
that the ratio of the temperature coefficient * of sur- 
face tension to that of cubical expansion should be 
constant. This deduction is based on the assump- 
tion that the liquids discussed are strictly homoge- 
neous, that is, they each contain only one kind of 
molecule. Obviously, constancy of the ratio cannot 
be expected in solutions where different kinds of 
molecules exist and where the surface composition 
is generally different from that of the interior. 
Nevertheless, in a series of liquids containing one 
solute in different concentrations in the same solvent, 
one may expect some systematic relation between 
the two coefficients. The tendency for the temper- 
ature coefficient to increase in negative magnitude 
with increasing expansivity may be expected. 

Figure 6 shows a plot of the volume expansivity 
versus the temperature coefficient of surface tension. 
In the case of the system Na,O-SiQ,, expansivity 
data were calculated from density data in the 
literature [12] combined with the data of the sphere 
method [2]. The general trend for the temperature 
coefficient of surface tension to become more negative 
as the expansivity increases is quite marked. 

The authors invite attention to the large scatter 
in the temperature-coefficient data as well as the 
volume-expansivity data. The precision of such 
measurements is necessarily low because each value 
is derived from a small difference between two 
relatively large quantities. The differences between 
the two large quantities are often not much greater 
than the reproducibility of the method used so that 
a large scatter in the coefficients is to be expected. 
No exact laws can be deduced from such data; 
instead, only general trends may be observed. 

In a previous publication [8] where the relation 
between temperature coefficient of surface tension 
and expansivity was discussed, the expansion data 
used were not in the same temperature region as that 
at which the surface tension was measured, princi- 
pally because suitable data were not available. It 


The temperature coefficient referred to in the literature [9] is 1 (l/e) (de/dt), 
whereas the one used in this paper is Ae/4/, where ¢ is the surface tension and 
t the temperature 





was tacitly assumed that the expansivities in the 
liquid region would parallel those in the solid rang 
Recent experience [2] in measuring densities hes 
shown that such an assumption is not valid. The 
comparison of different properties must be based on 
measurements made over the same temperature 
range. 


IV. Summary and Conclusions 


The surface tensions of a series of lithium, sodium, 
and potassium silicates have been measured. In- 
creasing the lithia and soda content was found to 
raise the surface tension, whereas increasing the 
potash caused a lowering in surface tension. The 
order Li>Na>K was established for surface tension 
as well as for the temperature coefficient of surface 
tension. The surface tension-versus-temperature 
curves of differing alkali content were found to con- 
verge with increasing temperature in the case of the 
lithium and sodium silicates and to diverge in the case 
of the potassium silicates. Liquids containing less 
than 33 mole percent of lithia had positive tempera- 


ture coefficients of surface tensions. Correlation 
was observed between alkali content, volume ex- 
pansivity, and temperature coefficient of surface 


tension. 
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Mechanism of the Degradation of Polyamides 
vats Bernard G. Achhammer, Frank W. Reinhart, and Gordon M. Kline 


Films of polyamides were exposed to heat, ultraviolet radiant energy, and different 
atmospheric conditions. The degradation products were collected in some cases and an- 
alyzed by mass spectrometric techniques. The unexposed and exposed specimens were 

um, ; examined by the following techniques to obtain information concerning the changes in 
In- chemical and physical structure of the polymer: infrared absorption, ultraviolet absorption, 
| ’ viscosity of solutions, measurement of dielectric constant and dissipation factor, photo- 


to micrography, X-ray diffraction, electron microscopy, electron diffraction, and effect of 
the organic liquids. In addition, pyrolysis studies were made and some physical properties 
The were determined. The results of the investigation show clearly that no single method gives 
sion a complete picture but that the results from several of the methods give an insight into the 
, mechanism of degradation of polyamides. 
ace Polyamide molecules are relatively unaffected by exposure to moderate temperature 
ure (60° C). However, loss of water and other volatile materials may cause changes in physcial 
on- properties. The effects of exposure to ultraviolet radiant energy are more pronounced, 
the and degradation of the polyamide molecule occurs with accompanying loss of water and other 
; volatile materials that act as plasticizers. 
ist The results of this investigation show that the general course of the degradation of poly- 
less amides is as follows: 
Ta- 1. The polymer molecules break at the C—N bond of the peptide group creating 
ion smaller polymer molecules with the same unit of chemical structure. The fragments broken 
. out are evolved as carbon dioxide, carbon monoxide, water, and hydrocarbons. 
eX- 2. The degree of crystallinity or local order changes, including alterations in hydro- 
ace carbon packing, dipole rearrangement, and hydrogen bridging. 
3. The amount of strongly bound water and/or organic liquids changes. These mate- 
rials are probably bound by hydrogen bridging to the oxygen of the peptide group. They 
act as plasticizers for the polyamides. 
» 4l 
17 I. Introduction Boulton and Jackson [2, 3] found that treatment 
t ° . . ° ° 
si with sulfuric acid, exposure to ultraviolet radiant 
One of the major problems facing the plastics | energy from a carbon arc, and exposure to sunlight, 
iG. industry is the degradation of some plastics when | degrade nylon. The degradation was followed by 
exposed to certain service conditions. This problem | measurement of tensile strength and the viscosity of 
ica has been investigated extensively by accelerated | solutions in m-cresol and formic acid. They found 
tests involving one or more physical properties. | that a loss of over 50 percent in tensile strength is 
17f While empirical investigations of this type give | accompanied by a relatively small change in relative 
information of value, they yield little or no informa- | viscosity. A smaller decrease in viscosity for a given 
irch ‘ 7 J" . SEU, , 
tion on the basic changes in the material. As a | loss in tensile strength was observed for the ma- 
3 to result, the value of the information now available is | terials degraded photochemically than for those 
). not only limited, but in too many instances the | degraded by the acid. 
, information cannot be used to predict behavior in Hosino [4] reported that heating nylon with con- 
ie actual service [1].'_ The physical changes observed | centrated hydrochloric acid for 12 hr causes almost 
89 during degradation may result from (1) changes in | complete hydrolysis of the polymer into adipic acid 





the chemical structure of the plastic material, and 
2) loss or changes in the compounding ingredients. 
The logical method of attack is to determine the 
specific chemical reactions involved in the degrada- 
tion of the plastic and how these reactions are 
affected by the intensity of the conditions en- 
countered. 

The degradation of the plastic type of polyamides 
was investigated as part of a general research 
program to determine the mechanism or fundamental 
chemical reactions that occur when organic high 
polymeric materials are exposed to degrading forces 
such as heat, ultraviolet radiant energy, and constit- 

nts of the ambient atmosphere. The term 

gradation is used in this paper to describe irrever- 
ble changes in the chemical structure of the polymer 

a result of exposure to external forces. 


gures in brackets indicate the literature references at the end of this paper 


and hexamethylenediamine. 

Taylor [5] reported that ammonia is produced 
during the degradation of nylon. Peterson [6] 
depolymerized polyamides by heating them with an 
equal amount of water in an autoclave at 200° to 
210° C and 300 psi. 

Fuller [7] found that heating linear polyamides for 
a short period of time to a suitable temperature in 
the presence of air or oxygen increases their tough- 
ness, flexibility, and resistance to embrittlement on 
aging. The temperature used, which must be above 
the melting point of the polyamide but below the 
decomposition temperature, may vary from 125° to 
450° C, depending on the chemical structure of the 
polvamide. To obtain this effect the polyamide 
must be in the form of thin cross sections; otherwise 
the oxygen reacts with the material on the surface, 
leaving the interior unaffected. 
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TABLE 1 Deser pption of po vamides 
Code desig 
tyre ) i 
Sample . : nation for Nominal Approximate Approximate 
Chemical composition , melting discoloration 
lesignation chemical thickness ofne tn ais oint ir ‘ 
composition point in at pormt im al 
" c ( 
iH Hexameth ylenediamine—adipic acid salt, 0 ecaprolactam, 50% 66/6-50:50 0. 002 179 to 180 172 
+H) Hexamethylenediamine—adipic acid salt, 50° e-caprolactam, 50°; 66/6-50:-50 oo4 179 to 180 174 
407 Hexamethylenediamine—adipic acid salt, 60 e-caprolactam, 40° HH/6-05 40 oo2 188 to 190 177 
1408 Hexamethylenediamine—adipic acid salt, 60°; e-caprolactam, 40° 666-60: 40 O08 1°46 to 190 77 
440 Hexamethylenediamine-adipic acid salt; hexamethy!enediamine-sebacic 
acid salt; ecaprolactam * MH/GLOOA 002 165 to 167 160 
10 Hexamethylenediamine-adipie acid salt; hexamethylenediamine-se baci 
wid salt; ecaprolactam (more than in 4409 HWV6LO6B 002 161 to 168 158 
* The percentage composition of sample 4409 is estimated to be 60°, of 66 salt, 20°, of 610 salt, and 20° of caprolactam 
. © ‘yr . . . 
Il. Materials solution. The films ranged in thickness from 


The polvamide materials used in this investigation 
were copolymers of nylon salts with «caprolactam 
and are described in table 1. The samples were 
obtained in the form of commercial films, 0.002 to 
0.004 in. thick, which were presumably cast from hot 
ethanol solutions. There were some differences 
among the samples in transparency, attributable to 
differences in rates of cooling 

The discoloration and melting points reported in 
table 1 were determined in air by the following 
procedure: The nylon film was cut into very small 
squares with a razor blade and the small pieces placed 
ina glass melting point tube. The tube was attached 
in the usual manner to a thermometer and the as- 
sembly placed in an agitated bath of silicone oil, 
which was heated by an electric coil heater. The 
temperature of the bath was raised at a fairly rapid 
rate to about 150° C and then at 1 deg C/min. The 
behavior of the nylon specimen was observed with a 
magnifying glass. Duplicate tests were made with 
all samples 

The thickness of the films was measured with a 
Mikrokator gage, which has a scale range of 0.0014 
in. with graduations of 0.00002 in. The film was 
placed between gage blocks, 1 in. square, for meas- 
urement The total force on the film was about 
11 oz. Particular care must be taken to prevent 
contamination with grease, dirt, and dust in order 
to measure the thickness of the films to + 0.00001 in. 

It was necessary for some experiments to have 
thinner films. The following procedure was used 
for recasting the films: The nylon was dissolved in 
warm (above 45° C) ethanol. The warm solution, 2 to 
$ percent, was poured on to a warm glass plate and 
spread to a uniform thickness with a doctor blade. 
In an alternate procedure the solution was poured 
into a brass ring on a warm glass plate and allowed 
to spread to a uniform thickness. This assembly 
was placed in a closed vessel with an ethanol-air 
atmosphere and maintained at 45° C for 1 hr. At 
the end of this time the vessel was opened and the 
ethanol was allowed to evaporate. The films were 
then washed in running water to free them of 
ethanol and dried over calcium chloride. The 
nylon films produced were clear and nearly free of 
surface defects. The film thickness was controlled 
by varying the concentration and depth of the 
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0.0001 to 0.0008 in. 

A dipping technique was developed to recast the 
films for the work with the electron microscope, since 
films for this purpose must be less than 0.00004 in 
(1 w) thick to permit sufficient transmission of the 
electron beam. The films were made by heating a 
1.5-percent solution of the polyamide in 95-percent 
ethanol to 50° to 60° C and immersing a warm glass 
microscope slide in the solution. The glass slide 
was removed, held vertically for a couple of seconds 
and then placed under a bell jar in an atmosphere of 
ethanol. The thin polyamide film on one side of 
the glass slide was removed by rubbing with a damp 
cloth after the film had dried. The glass. slide, 
bearing the thin film on one side, was partially 
immersed in a dish of water. The immersed portion 
of the film was freed from the glass by the water and 
allowed to float free. Five 200-mesh stainless-steel 
specimen-supporting screens (‘s in. in diameter) wer 
placed on the submerged portion of the glass slide 
so that upon removal from the water the free floating 
portion of the film fell back in place over the screens 
on the glass slide. This procedure made it unneces- 
sary to apply tension on the film to remove it from 
the glass and place it on the screens as would be the 
case in the usual stripping and transfer technique 


Ill. Apparatus and Procedures 
1. Apparatus to Produce Controlled Degradation 


The apparatus designed to degrade polymerw 
materials by exposure to controlled conditions of 
heat, ultraviolet radiant energy, and ambient atmos- 
phere is shown in figures | and 2. It consists of thre 
integrated units: (1) a gas purification train, (2) al 
exposure chamber suitable for exposing polymer! 
films to ultraviolet radiant energy at controlled tem- 
peratures, and (3) a gas-collection trap suitable for 
collecting samples for mass spectrometric analysis of 
the gaseous degradation products. Equipment o 
somewhat similar nature was used successfully 
Stillings and Van Nostrand [8] in a study of the actior 
of ultraviolet radiant energy on cellulose 

The atmosphere in the exposure chamber was 
conditioned by the purification train, 1-9, sho 
schematically in figure | Any gas that is evlind 
packed could be used as the atmosphere. The vas 
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uatik I Jass, 21, t multameceu 
Py xc pl jon trap: 2 np; 21, ultraviol 
ting gla 22. coolis Dewar; 23, carben dixaide absorbent; 24, dry 
bubbler f I wire regulation, 2 water trap: 27, aspira 
I aly J, end of purifeation train and start of exposure chamt 
M., begins g of water aspirater and flow control apparatus 


was passed from the evlinder, 1, through a flow 
meter, 2 \ flow of approximately 20 ml/min was 
maintained by manipulation of a needle valve. The 
outlet pressure on the gage attached to the gas 
evlinder was kept at about 2 psi. The gas passed 
from the flow meter through a needle valve, 3, which 
was used to close the system during evacuation. The 
gas then passed through a calcium chloride—copper 
sulfate tower, 4, to remove water, a copper gauze 
furnace, 6, to remove oxygen, a cold trap, 7, an 
ascarite-anhyvdrone tower, 8, to remove carbon di- 
oxide, and finally into the exposure chamber through 
a three-way stopcock, 9. The temperature of the 
copper gauze furnace was controlled by a rheostat, 
5. The furnace was removable from the train for 
regeneration of the copper. Sections of the purifi- 
cation train could be bypassed by attachment of 
rubber tubing from the gas eylinder at A to the 
three-way stopcocks B or 9. The gas used deter- 
mined the type and amount of purification required. 
The mereury manometer, 11, connected to three- 
way stopeock 9, showed the pressure in the exposure 
chamber. The other manometer, 12, was used to 


maintain a pressure differential, which will be 


described subsequently 

\ Brown potentiometer, 10, recorded the tempera- 
ture of the platen on which the film was supported. 
The Dewar flask alongside the potentiometer was 


the cold junction for the copper constantan thermo- 
co ple embedded in the platen of the exposure 
amber. The temperature of this platen was con- 
led by circulating silicone oil (DC—500) from the 
bath, 13, with an immersion pump, 20. The oil 
was circulated through a series of baffles and returned 
to the bath 

he exposure chamber 15 is shown in figures 1 and 
fa lt consists of an open-top brass evlinder 10 in. in 

ter and 4 in. in height. The inside of the 

uber was gold plated because most other metals 





Exposure chan her, vertical mew, assen 


Ficure 2 


operation 


act as catalysts and might cause reactions between 
the degradation products formed 
grooves, 0.02 in. deep and 0.04 in. wide, on the floor 
of the exposure chamber are connected by radial 
grooves of the same dimensions to the outlet tube 
A glass ring, 16, placed on the edge of the film to 
be studied prevented curling of the film \ Pyrex 
plate, 18, with a 5-in. aperture supported the Corex 
D window, 21, which was 2 mm thick and 6 in. in 
diameter TI 


Concentric 


His Py rex plate was sealed to the ex- 
posure chamber by a ground glass to ground brass 
seal and silicone stopcock crease The Corex D 
window was sealed to the Pvrex glass with beeswax- 
rosin mixture or with silicone grease. An RS sun- 
lamp, 14, was supported about 8 in. from the film 
to be studied. This type of sunlamp was convenient 
to use as a source of ultraviolet radiant energy. A 
blower (not shown) kept the temperature of the 
sunlamp, Corex D, and Pyrex sections down during 
irradiation, 

The following assembly was used during evacua- 
tion of the system: A desiccator lid, 17, was placed 
on the ground surface of the Pyrex plate, 18. Be- 
cause the Corex D window was so thin, it was neces- 
sarv to evacuate both sides of the window simultane- 
ously. A pressure differential was obtained by ma- 
nipulation of suitably placed stopcocks One manom- 
eter, 12, was used to read the pressure in the lid, 
17, while another manometer, 11, gave the pressure 
in the chamber. By keeping the pressure slightly 
greater in the top section it was possible to maintain 
a good vacuum seal 

Gaseous products of the treatment were collected 
in a trap, 19, designed for simple attachment to the 
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mass spectrometer by means of spherical joints. 
The Dewar flask, 22, filled with acetone-carbon 
dioxide slush or liquid air, was used to condense the 
gaseous products in the collection trap. A U-tube, 
23, containing ascarite-anhydrone and calcium 
chloride-copper sulfate was used to trap carbon 
dioxide that passed through the collection trap, 19. 
The calcium chloride-copper sulfate column, 24, 
yrevented water vapor from entering the system. 
lhe inverse bubbler, 25, regulated the water supply 
so that a constant suction could be applied to the 
system. A trap, 26, was inserted to collect the 
water that might flow back into the apparatus if 
the water aspirator, 27, should not function properly. 

The following procedure is representative of that 
used to make a typical exposure: The polyamide 
film, which was previously dried at room temperature 
in a desiccator and weighed, was placed in the ex- 
posure chamber. For study in an inert atmosphere, 
such as nitrogen, the exposure chamber was sealed 
and the system evacuated with a vacuum pump 
from point M to point 3. The system was then 
filled with purified nitrogen. This cycle was re- 
peated several times. The entire system was then 
flushed with purified nitrogen at a rate of 500 
ml/min for about \% hr. The collection trap was 
then cooled; the sunlamp was turned on and the 
nitrogen flow was adjusted to 200 ml/min. 

On completion of an exposure of a specimen to 
heat, to ultraviolet radiant energy, or to a combina- 
tion of those factors, either of two procedures was 
followed: (1) The entire system was evacuated 
through the cold collection trap, 19, to point 3, and 
the evacuated collection trap was removed; or (2) 
the system was flushed with nitrogen and the col- 
lection trap removed under a slight positive pressure 
of nitrogen. The gaseous products were analyzed 
with a mass spectrometer. The treated film was 
examined by suitable analytical methods to detect 
changes. 

The mass spectrometer is so sensitive that the 
presence of small amounts of volatile compounds is 
readily detected. This made it necessary to ensure 
that the experiments were made under conditions 
such that no volatile compounds were introduced 
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pol yamide sam ple L409, 


from any source other than the degradation of «hy 
specimen. Blank tests were made with the degra:a- 
tion equipment. In one experiment an excess of 
silicone grease was used to seal the glass plates 18 
and 21 in fig. 2) to the top of the exposure cham) ver 
and the chamber (15 in fig. 2) was exposed to radia- 
tion from an RS sunlamp for 6 hr while nitrogen vas 
was passed through the equipment. The mass 
spectrometric analysis of the material in the collec- 
tion trap (19 in fig. 1) indicated the presence of no 
gases other than nitrogen. The results were also 
satisfactory in another blank experiment made at 
25° C for 6 hr while nitrogen was passed through th 
equipment with a silicone grease seal at 18 in figur: 


2 and a beeswax-rosin seal at 21 in figure 2. 


2. Accelerated Weathering and Outdoor Exposure 


Accelerated weathering was conducted in accord- 
ance with Method No. 6021 of Federal Specification 
L-P—406a [9], involving cyclic exposure to th 
radiant energy from an S—1 sunlamp and to fog 
The total period of exposure to these twoconditions 
is divided into multiples of 20 hr of sunlamp radiation 
to 4 hr of fog. 

Outdoor exposure was accomplished by placing 
specimens fastened to glass frames on outdoor racks 
at 45° facing south from Feb. 17 to Apr. 18, 1947 
During this period of 61 days there were 12 clear 
23 partly cloudy, and 26 cloudy days. The precipita- 
tion was 4.36 in. The temperature varied from 
15° to 86° F and the relative humidity from 22 to 
100 percent. The total sunshine was 530 hr. 


IV. Mechanical Properties and Weathering 
Resistance 


With J. J. Lamb, B. A. Hall, and C. Brown 


The tensile strength, elongation at failure in the 
tensile tests, tearing strength, resistance to accelerated 
weathering, and resistance to exposure outdoors of 
the six polyamide samples were determined. 

Tensile strength and elongation were determined 
at various temperatures and humidities after con- 
ditioning the specimens. The test specimens wer 
cut with die D [10]. The results obtained utilizing 
two different machines are described in tables 2 
and 3. A typical stress-strain curve obtained with 
an autographic strain gage system is shown in 
figure 3. 

No significant differences were observed in tensilt 
strength and elongation between the two orienta- 
tions of the specimens of each sample, or between 
the various samples at 25° C and 50-percent relativ: 
humidity. At 29° C and 100-percent relativ 
humidity, the differences between the samples ar 
significant; the tensile strengths of samples 4405 and 
4406 are slightly lower than those of samples 4407 
and 4408 and higher than those of samples 4409 
and 4410; the scatter in the elongation values «s 
indicated by the coefficient of variation is so great 
that the differences are apparently not significa 
The tensile strengths at —29° C are higher than 
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TABLE 2 


Sample desig 


Tensile strength Elongation 





nation ¢ 
Average SI cvi Average SE 
lbjin lb/in 
it 8, 400 240 s 140 8 
HOS ° 9 
il 7. 700 1m 4 40 6 
s400! § 7, 800 150 th 440 6 
I 8, 400 170 6 430 7 
4407!‘ 5. SOO 10 12 a0 10 
il 9, 400 0 11 tNU W 
4408) iu 400 1 ° 0 
I 7, 900 1») eu ws 
( 9. 400 1M § 40 5 
‘ 
eed 1 9, 200 320) 1 43 
so! ' 7 200 mM) 22 tuo) 21 
I & 700 Pat | il +) 9 
Determined on a constant-speed spring-balance testing machine 
20-Ib rang in accordance with Federal Specification ZZ-R-(O0la 
Section II-5. Each average value was obtained with 10 specimens 
Specimens conditioned for at least 48 hr 
TABLE 3 Tensile properties * of polyamides at 25° C 
— ensile strength Elongation 
ie 
— A verag SI CV Average S} CV 
CONDITIONED AT 50-PERCENT RELATIVE HUMIDITY 4 
$4008 7 OO 170 a $0 4 2 
400 6, 000 330 13 280) 25 20 
wv MMERSED IN WATER 
44008 ; “ 530 44 “) 4 x) 
$400 th mo 24 wo 24 1 
RY t EK CALCIUM CHLORIDI 
Hs S, IM 30 14 wt 24 147 
400 6. 600 tw 4 1% ° s4 
Determined or Baldw MTE testing machine, 50-lb range, in accord 
© with Federal Specification ZZ-R-@0la, Section II-5 Fach average 
mw reported Wa htaimed wit! 6 spe mens 
Standard error 
Coetlicient it 
Specimens conditioned for at least 96 hr 
Tests mad y after removal of specimens from water at 2 ( 
whicl they w r mrmersed tor 24 hr 
Tests made imme itely on removal of the specimens from a desiccator 
i with dry l j chioride in which they were stored for 1 week 


those observed at 25° C; the increase on going to 
the low temperature is greater for samples 4405, 
1406, 4407, and 4408 than for samples 4409 and 
14410. The elongation values are much lower at 
29° C than they are at 25° C. The tensile 
rengths of the samples were reduced by exposure 
uitdoors for 2 months. Except for sample 4410, 
© elongations at break were also reduced by the 
xposure outdoors 
The tensile strength of sample 4408 increases with 
decrease in water content. Although a similar 
end is apparent for sample 4409, it is not statisti- 
lly significant. The elongations at break for 
mples 4408 and 4409 wet and at 50-percent relative 
imidity are not statistically different. The elon- 


Tests at 25° C and 50-percent relative humidity * 


Tensile properties * of polyamides 


rests at —29° C and 100-percent relative humidity 


Flongatior 


rensile strength 


Vi Average SE « cvi Average SE cy 
lb/in lh/in 
13, 4M +40 s 10 0 0 
4 12, 800 2 in if 2 st) 
‘ 11, 300 130 4 10 2 70 
5 13, 104 100 2 7 l “) 
Ss 14, 100 2K 4 10 | | 
7 15, 300 tt) s 10 1 Pal) 
7 11, 700 i) 10 10 l “) 
4 13, 200) 190 5 l w) 
4 10, 800 isi 14 10 2 mi) 
{ 0. 400 st a 1s 100 
7 10, 500 un) 13 7 l ri 
6 10, 700 2) 6 12 l 22 
Specimens conditioned for at least 0.5 hr 
! Code for orientation of specimens: C =crosswise; L=lengthw 
Standard error 
Coefficient of variation 


gations of the dry specimens are much lower than 
those of the wet specimens of both samples. Thus 
it appears that water acts as a plasticizer. The 
stressed specimens of sample 4408 became cloudy, 
but those of 4409 remained clear. 

The tensile stress-strain curves show marked dif- 
ferences in characteristics between the wet and dry 
specimens. As the water content is reduced, the 
modulus of elasticity is reduced and the elongation 
at break is decreased. The failures were quick 
brittle breaks, particularly for the dry specimens. 
The shape of the stresss-strain curves is typical of 
materials that undergo an instantaneous elastic 
response when stressed and that also work-harden 
when stressed beyond the yield point [11 and 12] 
The character of the vield point is also different for 
the wet and dry specimens. A comparison of the 
curves for the wet and dry specimens suggests that 
the cry stalline order is different for the different 
conditions near the breaking point, but the char- 
acter of this difference is not known. The curves for 
samples 4408 and 4409 indicate that these materials 
probably have different degrees of crystallinity 

The tearing strengths [13] of the polyamides at 
25° C and 50-percent relative humidity and at 

29° C and 100-percent relative humidity are re- 
ported in table 4. There is no difference in the 
tearing strengths of the crosswise and lengthwise 
directions of samples 4405, 4407, 4409, and 4410 at 
25° C and 50-percent relative humidity, and of all 
the samples at 29° C and about 100-percent 
relative humidity. There is a significant difference 
between the crosswise and lengthwise directions for 
samples 4406 and 4408 at 25° C and 50-percent 
relative humidity. The tearing strengths at —29° C 
are markedly less than those at 25°C. As the thick- 
nesses of samples 4405, 4407, 4409, and 4410 are 
approximately the same, the results of the tear- 
strength tests show that samples 4405 and 4410 are 
inherently stronger in tearing strength at ordinary 
temperatures than samples 4406 and 4409 
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The effects of accelerated weathering and outdoor 
exposure on some properties on polyamide films are 
shown in tables 5 and 6. The accelerated weathering 
test conditions caused all the polamide samples to 
become more brittle. The outdoor exposure tests 
show that the resistance to weathering of samples 
4406 and 4408 is superior to that of the other samples 
The greater resistance of samples 4406 and 4408 to 
the action of the ultraviolet radiant energy is attrib- 
uted to their greater thickness, and infers a surface 
degradation that may retard further degradation in 
the interior of the films 

Marked differences in the strength properties of 
the various polyamides are indicated in the results 
reported in this section. Various techniques were 
utilized to obtain data relating the observed changes 
in physical properties with changes in chemical 
structure of the polvamides The results of these 
studies are described in the subsequent sections of 
this report 


V. Mass Spectrometry 
With C. E. Wise, R. M. Reese, and L. M. Williamson 


Polyamide samples 4406, 4407, and 4409 were ex- 
posed to controlled conditions of heat, ultraviolet 
radiant energy, and ambient atmosphere in the 
apparatus described previously in section IIL. The 
gaseous products were analyzed with a model 21-102 
Consolidated Engineering mass spectrometer. 

The experimental procedure is described in section 
I1l. Some of the experiments were made with the 
nylon samples in the film form in which they were 
received and others with recast films. Most of these 
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Tarte 5 Effects of inlamp-foqg accelerated weathering te 
oO } } fies pol ‘ 
nthe p ope ‘ of polyam les 
Eff " erated weathering 
S ! 
lesigt Change 
Condition after 240 hr, unl itherwis« 
I 
Widtl I gtt 
+H Very britt iw k 
180 her 

+40 4 2.¢ Slightly brittle: edges curled 

4407 Very brittle and weak; f par 

40s 1.3 1.7 Slightly brittle along edges near 

uniamp 
409 Very brittle and weak; f ipart 
410 Do 
r ” wt I ver 
I ARLI ii Ts nmasile prop fier * of polyar idles * al a5 f 

and 50O-percent relatit humidity after exposure outdoors 


? months 





I rengt! } 
— Orientation 
designa 
. pec ! 
\ rag Range A\verag I v 
it 
40 ( ross w ise " 700 ae 200) te soll 
| Lengthwise On 2M Oto 40 
- /( rosswis wn aw) “Tt 2 
$407 : 
| Lengthwise 0) nt 200 to 364 
4408 i ( ross wise wn st Ht “ 
| Length wise 1 800 un 10 to 3K 
410 Lengthwise 6, 200 1, 40) to 7, 400 00 00 to 470 
* Determined on a constant-speed spring-balance testing machine, 20-lb 
range, in accordance with Federal Specification ZZ-R-@Ola, Section IIl-5 
Fach average value reported was obtained with 5 specimens 


Specimens of samples 4405 and 4409 were not in satisfactory condition to 


make tensile tests 


films were dried in a vacuum at room temperature 
for 16 hr prior to use in the experiments 

The results of the experiments with the nylon 
samples are presented in table 7. Only water, 
carbon dioxide, and ethanol were found in the vola- 
tile products obtained from specimens of sample 
$406 at 30° C with and without exposure to ultra- 
violet radiant energy (experiments 1 and 2 In 
experiment 3, a specimen of sample 4406 was dried 
in vacuum and then exposed as in experiment 1; the 
loss in weight was markedly less (0.2%, compared 
to 2.6%). Itis apparent that part of the changes in 
properties observed in experiments 1, 2, and 3 can 
be attributed to the loss of absorbed water Loss of 
the absorbed water causes the films to become brittle 
and crack readily. 

Specimens of sample 4406 were exposed to ultra- 
violet radiant energy at 35° and 50° C for 20 hr 
(experiments 4 and 5 \.ater, carbon dioxide, 
ethanol, and hydrocarbons were found in the volatile 
products from these experiments. Carbon dioxide 
water, ethanol, and hydrocarbons were obtained in 
all the experiments with specimens of samples 4407 
and 4409 (experiments 9 to 13 

Carbon monoxide was evolved in all the experi- 
ments in which the specimens were exposed at tem- 
peratures of 90° to 100° C H vdrocarbons were 
found in all experiments in which carbon monoxide 
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BLE 7 Vass spectrometric analysis of volatile prod icts obtained during exposure of po vamides to heat and ultraviolet radiant 
energy 
Exposu t 
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1404 OSE i KS N D> 
140 wae Non ’ N Vacuun Water, ethanol 
1406 ure de “i i i Water. carbon d le, et | 
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“4 do 4) N 1) 
14 i Recast in i \ D> 
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4 ) uo RS \ D 
00 ( i a Nor N 1) 
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vas detected and in experiments 4, 5, and 13, in | and the gaseous products analyzed with the mass 


which no carbon monoxide was found 

It is apparent that a large part of the water given 
off in experiments 1, 2, 6, 7, 8, 11, 12, and 13 1s 
absorbed water. However, the results of experi- 
ments 3, 4, 5, 9, and 10 indicate that some of the 
water is bound more strongly than normally 
sorbed water, since it was not removed by vacuum 
drying; the amount appears to be slightly greater 
for sample 4407 than for sample 4406. 

\ more detailed analysis of two experiments, 12 
and 13, is presented in table 8. More than 15 indi- 
vidual hydrocarbon compounds were detected in 
each case The results also indicate that when the 
proportion of carbon dioxide is high, no detectable 
quantity of monoxide was found. When 
carbon monoxide was found, the proportion of carbon 
dioxide lower than in the former The 
principal component in the volatile products in all 
experiments was water. This compound 
the sensitivity and accuracy of the 
metric analysis markedly and for this reason the 
hvdrocarbons are not reported separately. 


carbon 
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case 


reduces 


mass spectro- 





TaRLeE & Vass spectrometric analysis of volatile products 
obtained in experiments 1 and 13 
Experiment Experimen 
( , 2” bru t it 
violet we ¢ 
Mol ‘ t Vole percent * 
bon dioxid ‘ 7 
Ethan 8 
noxid I troger 
( 
nic comy nad Ly lrocar 
( iw I rt rincipal component in the volatile prod 
va wa r 
© eX ye formed in a nitroget triosphere 


VI. Pyrolysis 
With S. L. Madorsky, S. Straus, and L. A. Wall 


Polvamide samples 4407 and 4409 were pyrolvzed 
100° C, the products separated into fractions, 


2 


v 
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These experupents made (a 
reference patterns to the inter- 
pretation of the mass spectrometric analysis pat- 
terns of the products obtained on exposure to heat 
and to ultraviolet radiant energy, and (b) to deter- 
rine what bonds are broken when nylon molecules 
are ruptured by heat 

Specimens of nylon samples 4407 and 4409 
weighing approximately 40 mg were conditioned 
at 150° C for 2 hr in a vacuum of about 107° mm 
Hg to rerove sorbed water and gases. The speci- 
mens were then heated to 406° C for 30 min in a 
vacuum of about 10°° mm Hg and the products 
fractionated in the apparatus shown schematically 
in figure 4. The material in the form of sections 
of thin film about 2 to 5 mm square, was placed on 
the platinum tray, H, shown in the bottom of the 
tube on the extreme right and heated by the plati- 
num wire coil, K 


spectrometer, 
to obtain 


were 
assist in 


A solid residue remaining in the 
tray was designated fraction |. Most of the volatile 
the the heating 
chamber and on the liquid air condenser, B. The 
material volatile at the temperature of liquid air 
190° C the 
fraction receiver and fraction V 
After the p\ rolysis, the liquid air was removed from 
condenser B and replaced with a carbon dioxide 
mixture ry a & The volatile 
fraction was collected at liquid air temperature and 
designated as fraction IIIA. The dioxide 
mixture then removed the con- 
denser allowed to come to room temperature About 
26° © The volatile fraction was also collected at 
liquid air temperature and 
IIIB. The waxlike material remaining on the con- 
denser the walls of the 
was designated as fractions II and IV, respectively 


fractions condensed on walls of 


about was collected in 


faAseous 


designated as 


acetone (about 
carbon 


acetone was and 


designated as fraction 


and on heating chamber 
The apparatus and the procedure are described in 
more detail in [14] 

presented in table 9 


The results of the analvses are 











TABLE 9 Results of pyrolyses of polyamides and mass 
spectrometric analyses of volatile fractions 


Weight percentage of 
original specimen * 


Fraction Product Polyamide 4407 | Polyamide 4409 
Exp. 1 | Exp.2) Exp.3| Exp. 4 
I Residue; dirt y-brown flakes 7. 87 5. 80 2.09 2. 37 
slightly soluble in warm 
ethanol 
IT and Semiliquid resinous mass a6. 71 88. 77 G2. 87 93. 12 
I\ fairly soluble in warn 
ethanol 
Volatile at —75° C 1.72 1.80 0.19 0.59 
Carbon dioxide 1. 67 1. 78 1s 7] 
H vdrocarbon 0. OF 0.05 oo 02 
| Methane oo ol oo oo 
IITA ) — oo ol oo ol 
ropane in ol oo i” 
Butanes Oo oo 00 ol 
Ethylene Oo ol oOo oo 
Butenes oo ol oo oo 
C yclopentanone oo oo ol ol 
Volatile at room temperature 3. 48 3. 34 16 63. 69 
| Carbon dioxide 1. 48 1&0 1.38 
Hydrocarbons 0.39 0.30 0.18 
Methane oo Oo 02 
Ethane ol oo ol 
Butanes 03 03 00 
Pentanes oo Oo 02 
n-Hexane Mm oo 02 
I11B Ethylene Oo 00 03 
Propene 07 Os oo 
Butene 12 13 038 
| Pentenes 0 03 ol 
C yvelohexene y2 oo 00 
Pentadient oo 0 oo 
C yelopentadi« oo (2 oo 
Benzene il ol oo 
C yclopentanon 1. 61 1.15 ‘4 
Ciaseous fraction 0. 22 0.2) 28 23 
| Carbon monoxide Le) 12 Oo 
Carbon dioxide 1 07 a 
Methane oo ol 03 
\ a on dry ba 
‘arbon monoxide TL) 12 oo OO 
at went lioxice 2s 71 1.56 
H ydrocarbon 0.44 0. 36 0.18 
. yclopentanone 1. 61 1.15 On 
ater 1. 67 1. 1 1 
*Onadry basis, except for percentag wate 
Peaks on mass spectrometer off scale; detailed analysis not possible, 


¢ Sample tube broken 


The total amount of products in fractions IITA, 
IIIB, and V from nylon samples 4407 and 4409 is 
about the same, 5 percent (by weight) of the original 
sample. However, a comparison of the distribution 
of the amounts of the various compounds among the 
fractions shows that the degradation of the two 
types of nylons is not the same, although similar. It 
is interesting to note that the solid residue obtained 
with sample 4409 is much less than that obtained 
with sample 4407. The semiliquid resin obtained 
with sample 4409 is greater than that obtained with 
sample 4407. The total solid and semiliquid ma- 
terials obtained with both samples are not very dif- 
ferent 

Sample 4407 produced appreciable amounts of car- 
bon dioxide and cyclopentanone, and = smaller 
amounts of carbon monoxide and hydrocarbons. 
Sample 4409 produced an appreciable amount of 
carbon dioxide and no carbon monoxide. The 
amounts of hydrocarbon and particularly cyclopen- 
tanone produced by sample 4409 were appreciably 
less than those produced by sample 4407. 

The production of the cyclopentanone on heating 
the nylon samples was not expected. However, it is 





well known [15] that cyclopentanone can be sy: 
thesized in high vields by the thermal decompositio 


of adipic acid in accordance with the following r 


action: 


Ba(OH), 
285° to 295°C 


O H H H H O 


HO—C—C—C—C—C—C—OH 
75 to 80% 
H H H H yield 
Adipic acid 
H H 
H—¢ C—H 
CoO H,O 
H—C ( H 
H C H 


QO 


Cyclopentanone 
(bp 130.6° ©) 


A sample of adipic acid was pyrolyzed, and the prod 
ucts formed were analyzed with the mass spectrom 
eter. The pattern obtained matched the pattern 
of cyclopentanone obtained from the products of the 
pyrolysis of the nylon samples. 

The distribution of the total oxygen in the gaseous 
products from both polyamide samples is shown in 
table 10. No significance should be attached to the 
agreement between the total figures, 
served from studying the data of the individual ex- 
periments that these results could not be duplicated 
this closely. The significant point is the difference 
in distribution of the oxygen between the two poly- 


since it is ob- 





mers, 
TasLe 10. Distribution of oryqen in gaseous products formed 
on pyrolysis of pot yamides 
Amoun y 
Sour veer 
Sample 4407 Sample 4409 
Vol Perce Viole / 
¢ / age oftotal ; 
( 0 16.8 
( ) 0.06 0.4 00 0.0 
( ) 1) 20 0 
W ater 1. 4s if) { 
lotal 1 ) aw ‘ 1.1 


The results of an elemental analysis of the nylor 
samples presented in table 11 shows that the amoun 
of oxvgen absorbed by this polymer is negligible 
Consequently, all the oxygen in the volatile products 
must come from the polymer and water in thi 
polymer. 

It is interesting to note that there were no nitroget 


fractions as might be 


compounds in the gaseous 


expected 
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rly- : 
me TABLE 11. Elemental analysis of polyamides A critical factor in comparative ultraviolet trans- 
mission measurements is the thickness of the speci- 
Elemental analy mens. The thicknesses of specimens of sample $1407 
were measured; one set of the films was heated in air 
Carbon H¥dre- Nitro- | Oxy at 100° C for 20 hr, and another set was exposed to 
re ultraviolet radiant energy from an RS sunlamp for 
mescsat (Peneent \Peveent | 24 hr at 45° C in a nitrogen atmosphere. The 
™ jon a 63. | 9.6 121 15.2 changes in thickness were less than 0.00004 in. The 
Sc ee were tase Sata 62 1 12 | 16 1 maximum change in ultraviolet transmission that 
= pce eoad me oy =e | 3 could be attributed to this change in thickness was 
Cal litione 63.2 11 15.4 calculated to be 2 percent at 280 mu, which is con- 
siderably less than the observed changes in ultra- 
water oom °C and 50-per violet transmission 
Comyx timated to be 60 percent of 66 salt, 20 percent of | t The ultraviolet transmission curves of untreated 
7 hier = films of the polyamides show an absorption band 
- , between wavelengths of 260 and 330 mz with maxi- 
un VII. Ultraviolet Spectrometry mum absorption at approximately 280 muy (figs. 5, 
bli With M. J. Reiney and L. A. Dunlap 6, 7). Transmission in this region is increased by 
et exposure to ultraviolet radiant energy, as shown by 
the The ultraviolet transmission characteristics of | curve B of figures 5 and 6. The greater portion of 
polyamides 4407 and 4409, subjected to various con- | the absorption band is eliminated during the first 
ret trolled conditions of heat, ultraviolet radiant energy, | hour of exposure to the ultraviolet radiant energy 
, 3 and ambient atmosphere, were determined with a | and the band is entirely eliminated after exposure 
model DU Beckman photoelectric quartz spectro- | for 20 hr. Heat alone tends to decrease the over-all 
photometer, range 220 to 1,000 mug. transmission of the films, although the shape of the 
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curve for sample 4407 is not changed, as shown in 
curve C of figure 5. Treatment with ultraviolet 
radiant energy followed by heating results in an 
ultraviolet curve representative of the effects of both 
treatments, as shown by curve D of figures 5 and 6 

Specimens of nylon samples were subjected to a 
120-hr accelerated weathering test The effects of 
this treatment, shown in figure 7, are similar to the 
combined effects of separate exposures to ultraviolet 
radiant energy and to heat. The decrease in trans- 
mission in sample 4409 is much greater than that in 
sample 4407. 

After 3 weeks at room conditions, treated speci- 
mens of sample 4407 showed changes of less than 1 
percent in ultraviolet transmission values from those 
made immediately after the treatments. 

Experiments were made with samples 4407 and 
1409 to determine the effect of absorbed water and 
ethanol on the ultraviolet transmission character- 
Immersing specimens in water at 60° C for 
72 hr caused the absorption band for sample 4407 to 
become stronger at approximately 280 my and had 
no appreciable effect on the absorption for sample 
4409. The wet specimens were subjected to vacuum 
drying at 40° C for 22 hr, which caused a slight 
decrease in the transmission of both samples; the 
absorption band for sample 4407 became more 
pronounced and that for sample 4409 remained about 
the same shape. The dried specimens were next 
immersed in 95-percent ethanol for 17 hr, which 
resulted in a marked increase in transmission for 
both samples; the shape of the curve for sample 4407 
remained about the same, and the absorption band 
for sample 4409 became more pronounced. 

Exposure to ultraviolet radiant energy for 2.5 hr 
was nearly sufficient to remove the absorption band 
for both the untreated specimens of samples 4407 
and 4409 and specimens soaked in water for 72 hr 
or in ethanol for 17 hr 

Specimens of samples 4407 and 4409 that had been 
exposed to 20 hr of ultraviolet radiant energy were 
immersed in water and in ethanol, respectively, for 
72 hr. The absorption band in the curves for the 
untreated specimens did not return. Even films 
recast from ethanol solutions of specimens that had 
been exposed to 20 hr of ultraviolet radiant energy 
did not show the absorption band 

No differences observed in the 
experiments conducted in oxygen and 
respectively 
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results of 
nitrogen, 


were 


VII. Infrared Spectrometry 


With M. J. Reiney and E. K. Plyler 


polvamide films were subjected to heat 
radiant energy and the infrared 
transmission characteristics measured before and 
after exposure to determine changes in’ chemical 
structure. A change of at percent in. the 
amount of a chemical group is required for detection 
by the infrared spectrometers used in this investiga- 
tion Recast films were used for this phase of the 
original films were too 


Recast 
and to ultraviolet 


least 2 


nvestigation because the 


thick to distinguish individual characteristic trans- 
mission bands. 

Typical infrared transmission curves obtained with 
a Baird recording spectrophotometer are shown in 
figure 8. Curves A and B show that polyamide 
samples 4407 and 4409 give essentially the same infra- 
red transmission, although there is a difference in 
the number of methylene groups in the repeating 
units of the polymer chain 

Treatment of the polyamide films by heating and 
by exposure to RS sunlamp radiant energy for various 
periods up to 2 weeks in the presence of air and in 
nitrogen produced no extensive changes in the infra- 
red spectrum of the films, that is, no new bands were 
created or former bands destroved as a result of the 
treatments. Slight decrease in absorption at 5.2y 
suggested possible changes in intermolecular bridging 
in some experiments; but the slight changes observed 
were considered to be within experimental error 

Specimens were exposed for periods of 120 hr and 
217 hr to accelerated weathering. The 217-hr test 
consisted of 179 hr of exposure to ultraviolet radiant 
energy and 38 hr of exposure to fog. The test was 
stopped at 217 hr because the films were water 
spotted, had white spots of undetermined origin, and 
were split. No changes in appearance were observed 
in the 120-hr test. The infrared spectrum after 
217-hr exposure showed that no appreciable changes 
in chemical structure occurred as a result of this 
treatment. The slight decrease in transmission ob- 
served between 2.8 and 16.0u is attributed to experi- 
mental error. 

Specimens of sample 4407 were exposed outdoors 
for 2 months (Feb. to Apr At the end of this 
period, the films were torn, the surfaces were badly 
scarred, and particles of dirt were imbedded in the 
film. The specimens were dissolved in warm ethanol, 
the solution centrifuged to remove the dirt particles, 
and recast films made by the usual technique. No 
appreciable changes occurred in chemical structure 
as a result of this treatment. 

The results obtained with nylon sample 4409 paral- 
lel very closely those observed with nvlon sample 
4407. It was observed in the accelerated weathering 
treatment that the splitting of the films of sample 
$409 was more severe than the splitting of the films 
of sample 4407 

Film specimens of the polyamide samples were 
removed, and allowed to dry in 
characteristics 


soaked in ethanol 
air, and the infrared 
measured. No appreciable changes from the original 
films were observed 


transmission 


IX. Viscosity 


With C. C. Chang, N. Dominguez, and S. G. Weissberg 

Polvamide sample 4410 was subjected to controlled 
ultraviolet radiant energ, 

and to outdoor exposure and the 


conditions of heat, and 
relative humidity, 
degradation of the polymer chains determined from 
the measurement of the viscosities of dilute solution 


of the exposed nylon specimens in m-cresol This 
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procedure can be used to determine whether or not 
the polymer chains are broken or crosslinked but will 
not reveal any other changes in chemical structure 
2, 5). The viscosities of the solutions were measured 
at 30°C, using calibrated Ostwald-Fenske viscom- 
eters [16,17]. Duplicate parallel runs were made, 
using the average of five efflux time measurements 
determined to the nearest 0.1 sec 

The viscosity data for the various nylon specimens 
are presented in table 12 and figures 9 to 11, inclusive. 
Not enough data were obtaine .d on the treated nvlon 
specimens to determine the curvatures of the plots 
of (In »,)/e versus c and of n,,/e versusc. Since these 
plots for the untreated specimens show distinct cur- 
vature, the plots have been drawn as curved lines, 
as shown in figures 10 and 11, simply to indicate 
the general tendency, but they are by no means 
representative of the exact shape of the plots. 

The relation between the intrinsic viscosity of 
yolvyamide sample 4410 and the time of exposure to 
~ and to ultraviolet radiant energy is shown in 
figure 12. This shows that the viscosity is decreased 
as the period of exposure to the degradation condi- 
tions is increased. 

A study of the moisture sorption of nylon sam- 
ples 4406, 4407, 4408, 4409, and 4410 showed that at 
50-percent relative humidity the films contained 2 to 
3 percent of water. The data observed for the ma- 
terials used in this study do not show increased water 
sorption with decreased crystallinity. However, the 
levels of crystallinity were not determined experi- 
mentally, and these results may be indicative of a 
balancing factor in the changing total concentration 
of polar groups. It has been reported that for a 
given concentration of dipoles of certain type 
increase in crystallinity markedly decreases moisture 
sorption in polyamides [18, 19]. As these types of 
nylon with varying compositions and degrees of 
crystallinity all contain between 2 and 3 percent of 
water in equilibrium with a relative humidity of 50 
percent, and as a reduction in the water content of 
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Relation between absolute viscosity and concentration 
of solutions of polyamide 4410. 


Fiaure 9. 


4, A-1, Undegraded, specimen 1; ©, A-2, undegrs uded, specimen 2; V7. B, 
22-hr ultraviolet; @, C, 168%hr ultraviolet; 0, D, 25 hr at 105° C; X, E, 169 hr 
|} at 105° C; 0, F, 2 months outdoors; curves D’ and F are identical 


approximately 2 percent causes the film to become 
brittle, it is reasonable to assume that treated speci- 
mens that remain intact have water contents of the 
same order of magnitude. 

It is interesting to examine the consequences of a 
hypothesis that the lower relative viscosities of speci- 
men B, as compared with solutions of specimen A, 
are due solely to an increase in water content of B, 
as compared with the water content of A. Calcula- 
tion shows that specimen B would require 30-percent 
moisture to give the results obtained. Therefore, 
the hypothesis that the lowered viscosity is due only 
to an increase in water content of the degraded nylon 
requires an unreasonably high water content. 

These results indicate that the effect of water con- 
tent in the viscosity study is negligible and recalcu- 
lation of the viscosity results to correct for moisture 
content is unnecessary. 


Viscosity data for solutions of polyamide 4410 in m-cresol 


Intrinsic viscosity * | Viscosity 
Reduced 


Specimen Concen- | Absolute | Relative | Inherent Specific sneaiin average 
desiemetion Treatment tration of | viscosity, viscosity, | viscosity, viscosity, vie es molecular 
one solution ~ os In 9,/¢ "ep “5 _ ¥ Average weight,* 
°p t [n] vy, 
g/dl cp di/g dl/g dl/g dl/g 
m—C resol &. 467 10 
f 1.082 mS 10 1.00 210 2.03 1. 33 } 
A-1 None 1 3.009 103 11.8 0. 821 10.8 3.60 L2@s of 
| 0. 998 26.5 06 1.12 2 06 2.06 1.32 j 
A-2 do 3. 036 108 12.5 0. 831 11.5 3. 78 1.30 1. 31 16, 300 
| 4.988 276 31.8 fied 0.8 6.17 1.30 «| 
O0F 3 2 5 } 4 ” 

B Ultraviolet, 22 hr : onl = i = 4 bs . 4 - 1 ” > 0.97 10, 800 
Cc Ultraviolet, 168 hr 0. O84 12.9 1.49 403 0. 486 6. 495 43 43 +, 500 
no On f 1.014 21.2 2.44 ~~ 1.44 1.42 1.03 | 
D 10 C, 25 hr 1 3. 005 67.6 7.80 oR 6.80 2 Oo . 1.00 11, 200 

so 0 f 1.020 14.8 1.71 527 0.711 0. 608 5s | ne ® 
O5° ¢ ¥ ) 
. so" ©, MO be | 2997 31.6 3. 64 432) 264 8x2 ee — 
0 21.2 2 SA 3 Oo 
t Outdoors, 2 mo [oo Se tt ro t = ao } 1.01 11, 400 
* The intrinsic viscosities were calculated as 3(9,1/3—1)/¢c, where », is the relative viscosity and ¢ is the concentration in g/dl 
> Estimated viscosity average molecular weight [66] based on the applicability of Taylor's equation and on the use of a different solvent, since the value for 


intrinsic viscosity depends on the solvent [67] 


—_ 
M , =13,000 [y] 1.39; 0.9[»] m-cresol= [»] formic acid 
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Ficure 10. Relation between inherent viscosity and concentra- 
; 


tion of solutions of polyamide 4410. 


\, A-1, Undegraded, specimen |! , A-2, undegraded, specimen 2; VY, B, 
22-hr ultraviolet, }, C, 168-hr ultraviolet; D, 25 hr at 105° C; X, E, 169 hr 
at 105° C; @, F, 2 months outdoors 


X. Light Microscopy 
With C. P. Saylor 


The changes in films of polyamides as a result of 
exposure to natural and accelerated weathering were 
studied with a microscopical technique. Photo- 
micrographs of untreated and treated samples 4406, 
1407, 4408, 4409, and 4410 were taken. Samples 
1407 and 4409 were studied in greater detail to dif- 
ferentiate the two types and to compare their relative 
resistance to aging. 

A petrographic microscope was used to examine 
the film specimens. Photomicrographs were taken 
inder crossed nicols at magnifications of & 600 and 

950 (oil immersion lens), using a camera arrange- 

ent with a filament type lamp as the light source. 
Unless otherwise stated, a ground glass plate was 

sed in the illuminator during the photographing. 
he heated specimens were exposed in a vacuum 

en, “cracked” with dry air, at 87° C 

A series of photomicrographs of specimens of nylon 
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Ficure 11. Relation between reduced specific viscosity and 
concentration of solutions of polyamide 4410. 
A A-1, Undegraded, specimen 1; , A-2, undegraded, specimen 2; VY, B, 
22-hr ultraviolet; , C, 168-hr ultraviolet; , D, 25 hr at 105° C; X, E, 169 hr 


at 105° C; @, F, 2 months outdoors 


samples 4407 and 4409 before and after exposure to 
an accelerated weathering treatment and outdoors 
is shown in figure 13. These photographs were 
taken at a magnification of 600 with crossed nicols 
at extinction. No ground glass was used in the 
illuminator. 

The photomicrograph of an unexposed specimen 
of sample 4407 is shown in plate A of figure 13. The 
grain structure of sample 4407 is smaller than that 
of sample 4409, as comparison of plates A and C 
shows. The specimen of sample 4407 that was ex- 
posed to the !20-hr accelerated weathering test 1s 
shown in plate B. The dark spots, in this case, are 
attributed to dirt particles attracted by static charge 
to the surface of the film, or imbedded in the film. 
These films develop considerable charge when rubbed 
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\, Heated in air oven at 105° C; B, irradiated with ultraviolet from S-1 in air 


ut Hoe ¢ Value of intrins visecosit vy of sample weathered outdoors for 2 mont! 
was 1.01 di/g 


with a cloth. Both dark and bright lines are ob- 
served in plate B. This is a result of the orientation 
of the specimen under the crossed nicols. These 
lines become alternately dark and bright as the stage 
of the microscope is rotated, thus changing the 
orientation of the film under the crossed nicols. 

Comparison of plates C and D in figure 13 shows 
the effect of exposure of specimens of sample 4409 to 
the 120-hr accelerated weathering test. The density 
differences in the photomicrographs are not relevant 
in this series. Bright lines are shown to be dominant 
in the exposed specimens, particularly after outdoor 
exposure. Photomicrographs of a specimen of 
sample 4409 that was exposed outdoors for 2 months 
are shown in plates E and F. Photomicrograph F 
was taken with a first-order retardation plate. 

At first it was thought that the bright lines in plates 
KE and F in figure 13 were caused by scratches on the 
surface resulting from dirt particles being blown 
across the surface. However, two later observations 





tend to throw doubt on this hypothesis: (1) Where 100 

samples have been cut by scissors, a bright band ap- 

pears between crossed nicols This brightness is Fiecre 13. Photom crographs GWU, crosse | nicols) of 
much greater than appears at anv unaltered part of amides 4407 and 4408 


the original film. It is caused by deformation and 407: A, u 2 SS ae 
flow within the film so that the two directions paral- loo eXpost F, after 2 mont ut door expo 
lel and perpendicular to the cut edge are no longer 
nearly equal in refractive index. The interference 
figures on these edge zones indicate extremely rapid 
changes in molecular orientation within short dis- 
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A somewhat similar effect is shown in the 
cimen of 4409, which was exposed on the roof. 
ere are stripes on the surface with apparently 
ater birefringence than the main area of film. 
his is particularly true when the objective has a 
all aperture. Interference figures show that these 
ipes are places where the orientation of the mole- 
cules within the plane of the film has been disturbed. 
’) Similar bright lines were observed in photomicro- 

aphs of untreated specimens (see plate C), and in 
those which had been exposed to the accelerated 
weathering test. However, these bright lines ap- 
peared to be more dominant in the exposed speci- 
mens. These lines may have been caused by slight 
abrasion (and hence deformation) of the surface, by 
strains from shrinkage of the film, or by mechanical 
distortion. 

[t is stated in the literature [20] that when molten 
ae 66 polymer is cooled slowly large spherulites 

re formed that are visible with a microscope. These 


neces 


4406 4407 
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spherulites show a characteristic cross shape under 
crossed nicols. Pes optically clear material is obtain- 
ed when the molten polymer is cooled rapidly. The 
spherulites disappear when the polymer is heated 
above 250° C and are elongated into cylinders on 
drawing. No formations resembling spherulites as 
found in rubber [21] and in polyhexamethylene adip- 
amide [22] were found in the nylon films, untreated 
or treated, used in this investigation. 

Another series of photomicrographs of specimens 
of samples 4406, 4407, 4408, 4409, and 4410 is shown 
in figure 14. These photomicrographs were taken 
with an oil immersion lens at a magnification of 
<950 under crossed nicols at maximum brightness 
All variable factors such as light intensity, exposure 
time, temperature of the developer, ete., which 
would affect the apparent brightness of the final 
photomicrographs, were kept as constant as possible 
No ground glass was used in the illuminator to take 
the photographs of samples 4409 and 4410 because 
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Fieure 14 Photomicroaraphs 
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Figure 15. 


A. Untreated: B, after 168-hr ultraviolet (5-1); C, after 336-hr ultraviolet (S 


these films were relatively quite dark even at maxi- 
mum brightness. The exposure time for sample 
4410 was 0.5 min instead of 1 min as used for 
the others. As more crystalline materials appear 
brighter under crossed nicols, it was hoped that the 
comparative brightness of the specimens in the 
photomicrographs would give some conception of 
the comparative degree of crystallinity. 

The photomicrographs of the untreated specimens 
are shown in series A in figure 14. All the specimens 
of these samples are anisotropic. As the stage of 
the polarizing microscope was rotated, the dark 
areas changed to bright and vice versa. A marked 
difference in brightness is observed. Nylon sample 
4408 is much brighter than 4409 by comparison. 
Nylon sample 4410 has no actual maximum bright- 
ness, as revoly ing the stage of the microscope merely 
reversed the dark and bright areas that are numeri- 
cally almost equal. 

Photomicrographs of the specimens exposed out- 
doors for 2 months are shown in series B of figure 
14. Differences in maximum brightness are shown 
for nylon samples 4407 and 4408. Nylon sample 
4408 appears much darker under nicols, 
while sample 4407 appears somewhat brighter. The 
tendency toward generally increased brightness in 


crossed 


Dd, 





Electron micrographs of unshadowed specimens of polyamides 4407 and 4409. 


after 336 hr at 100° C in air 


oven 


after 168 hr at 100° C in air oven; E, 


samples 4406, 4409, and 4410, shown in the photo- 
micrographs, is not great enough to warrant consid- 
eration. In nylon sample 4410, however, areas of 
increased brightness such as those that appear in 
the lower portion of the photomicrograph are ob- 
served. Dark spots are exhibited particularly in 
samples 4406 and 4407. Similar spots are observed 
in untreated specimens (see samples 4407 and 4408 
series A of fig. 14) and appear to be present in greater 
quantity in exposed specimens. 

Photomicrographs of the specimens exposed to 
radiant energy from an S—1 sunlamp at 60° C for 
186 hr are shown in series C of figure 14. Samples 
4406, 4407, and 4408 are much darker under crossed 
nicols. In general, sample 4409 appears darker as 
seen in the upper section of the photomicrograph 
The bright line was photomicrographed to show the 
appearance of this type of area in nylon sample 
4409. Nylon sample 4410 again shows no extensiv: 
change that is visible under the crossed nicols. 

A closer comparative examination of nylon samples 
4407 and 4409 was made with a petrographic micro- 
scope. Specimens of each sample, in the original 
condition, after exposure on the roof, after 68 hr : 
87° C, and after 168 hr of exposure to ultraviole' 
radiant energy from an S—1 sunlamp at 60° C we 
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tudied and the results compared. These specimens 
ere stored at 50-percent relative humidity and 25° 

after treatment. In all instances the specimens 
re optically negative with the acute bisectrix 
pproximately normal to the film except in small 
The significance of this is that the long axes 
of the molecules tend to be more or less parallel to the 
face of the film. The orientation as between 

ngth and breadth of the film is slight as compared 
io the tendency to be parallel to the surface of the 
film. Sample 4407 exhibits a greater optic axial 
angle than sample 4409. Since the plane of the optic 
axes Is parallel to neither of the edges of the film, this 
must be construed as accidental rather than as a 
result of strains introduced during formation of the 
film 


reas. 


XI. Electron Microscopy 


With M. Swerdlow and M. J. Reiney 


Polyamide samples 4407 and 4409 were examined 
by an electron microscopic technique before and after 
exposure to ultraviolet radiant energy and to heat to 
determine any changes in structure resulting from 
these treatments. It was established that titanium 
dioxide, a delusterizing agent for nylon that would 
interfere with the electron microscope examination, 
was not present in these samples [23]. The film 
specimens were prepared by the dipping technique 
described in section IT. 

Four slides each of nylon samples 4407 and 4409 
were selected on the basis of uniformity, thickness, 
and cleanliness with the aid of a light microscope. 
Two of the coated screens were removed from each 
slide, one for examination of the unexposed material 
and the other for electron diffraction work. The 
glass slides with the remaining three coated screens 
were exposed to ultraviolet radiant energy and to 
heat at 100° C. One slide of each sample was 
exposed to the ultraviolet radiant energy from an 
S-1 sunlamp for 168 hr and another set for 336 hr. 
The distance between the bulb and the specimens 
was 6 in., and the temperature of the specimens was 
about 60° C. The exposure to heat was made in a 
circulating-air oven at 100° C. One slide of each 
sample was exposed for 168 hr and another for 336 hr. 

\n RCA type EMU transmission electron micro- 
scope with an accelerating voltage of 50 kv and an 
operating pressure of less than 10-* mm Hg was used 
to examine the specimens. Representative areas 
were selected and micrographs were taken at an 
exposure of about 10 sec. All the electron micro- 
graphs were taken at about 6,000 diameters under 
onstant conditions except that the beam current 
itensity had to be altered slightly because of 

iriation in film thickness between samples. Shadow 
isting was done in an RCA type EMV vacuum unit 

a pressure not higher than 10-* mm Hg. 

Figure 15 shows a series of micrographs of the 
irfaces of nylon samples 4407 and 4409. These 

rfaces were not shadowed with chromium. Speci- 


men A of each sample gives a view of the surface 
that is representative of the unexposed films. Speci- 
mens B and C are representative of the specimens 
exposed to the ultraviolet radiant energy. Speci- 
mens D and E are representative of the specimens 
exposed to heat in air at 100° C. A definite grain 
structure is shown in all the specimens. No definite 
changes in the structure of the surfaces of these 
specimens are observed. 

The effect of shadowing in emphasizing the surface 
detail by increasing the contrast, resulting from the 
oblique deposition of a thin layer of chromium, is 
shown in figure 16. The small spherical pieces of 
dirt shown in these micrographs indicate the appear- 
ance of an elevated portion of the surface and its 
shadow. 

Shadowed unexposed specimens of sample 4407 
are shown in figure 16. The more crystalline appear- 
ance of specimens A and D may be a result of the 
film-making procedure. The slower the film cools, 
the greater the degree of molecular orientation. A 
comparison of the views of the specimens of sample 
4407 before and after treatment with ultraviolet 
radiant energy and with heat shows that exposure 
to ultraviolet radiant energy appears to increase the 
degree of molecular orientation, whereas exposure to 
heat has very little effect. 

The shadowed untreated and treated specimens of 
sample 4409 are also shown in figure 16. Sample 
4409 appears to have a larger grain structure than 
sample 4407. However, the grain structure of the 
specimens of sample 4409 varies considerably. The 
exposure to ultraviolet radiant energy and to heat 
appears to have little effect on the surface structure 
of sample 4409 when examined with the electron 
microscope. The effect of shadow casting with 
chromium is shown quite markedly in view H’ of 
figure 16; the right-hand part of H’ was shielded by 
a large foreign particle and is unshadowed, while the 
left-hand part is shadowed with chromium 

The very thin films used in this part of the work 
did not develop the amount of splitting observed in 
the tests in which the original films were exposed to 
ultraviolet radiant energy. Splitting of the films of 
sample 4407 was observed with the electron micro- 
scope in a few isolated instances, but this was the 
exception and not the rule. The splitting observed 
with these thin films was in the top laver only; the 
film appeared to be laminated, with the top layer 
split and the bottom one intact. The splitting ob- 
served with the films in the original thickness was the 
usual type in which the split was completely through 
the film. 


XII. Electron Diffraction 
With M. Swerdlow and M. J. Reiney 


Samples 4407 and 4409 were examined by electron 
diffraction technique to determine any changes that 
may have occurred as a result of exposure to ultra- 
violet radiant energy and to heat. 

The diffraction stage of an RCA type EMU electron 
microscope was used to make transmission electron 
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iffraction patterns of unexposed and exposed speci- 
ens of the samples. Electron diffraction is especial- 
suitable for the study of the structure of thin 
irface lavers and films. The electrons are diffracted 
iuch the same way X-rays are by crystalline ma- 
rials [24]. The thickness of films that can be used 
vith this technique is limited because electrons are 
attered a million times more effectively than 
X-rays. The average thickness of the nylon films 
ised was 0.4 +0.1 w as determined by an interferome- 
ter. The films were made and mounted on screens 
according to the procedure described in section II. 
The electron diffraction patterns of samples 4407 
and 4409 showed several diffuse rings. The inter- 
planar spacings in angstrom units that were de- 
termined by comparison of the negative with a 


secondary standard are presented in table 13. 
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XIII. X-Ray Diffraction 
With H. E. Swanson 
The X-ray diffraction patterns of samples 4407 


nd 4409 were obtained before and after specimens 
were exposed to outdoor and accelerated weathering 
treatments to determine whether or not these treat- 
ents any changes in structure that might 
revealed by this techinque 
The X-ray patterns were obtained with a Philips 
\-ray spectrometer with various modifidations 
Cuk,, radiation at 40 kv and 15 ma was used. The 
macings listed in table 14 were obtained by diffrac- 
on of the X-ray beam from the surface of the films 
netration X-ray patterns were taken on photo- 
aphie film 2 em from the pinhole used to collimate 
The polvamide specimen was placed over 
in diameter 


cause 


e beam 
e pinhole, which was 0.025 in. 
| 


TABLE 14. Spacings from X-ray reflection measurements with 


polyamides 


Nylon Treatment ha» Observed spacings in X-ray 
unpk me isurement 
ness 
n i i i i 
Nom 0. OO16 a 43 “8 ello 
Exposed outdoors OO16 La 14 “4 
4407 Exposed to 120-hr ultra 
. violet fog cyclic * 0016 9 4.4 7.2 s IL 
Exposed to 217-hr ultra 
violet-fog cyclic ' 00081 8 
None ozs 9 4.3 7.5 11.0 
} xposed outdoors onr23 -) 4.4 70 
Exposed to 12¢hr ultra 
4409 violet-foe cyclic * 0028 $9 4.4 7.1 11.0 
le xposed to 217-hr ultra OO092 8 14.4 
violet-fog cyclic * 
* Very diffuse, low peak 
» Method No. 6021 of Federal Specification L-P 40 


Very weak, poor pattern 
1 Poor pattert 


The X-ray patterns of samples 4407 and 4409 
showed that there is a very slight molecular orienta- 
tion in sample 4407 and none in sample 4409 
Sample 4407 appeared to be more crystalline than 
sample 4409. No differences in degree of molecular 
orientation were observed in the unexposed and ex- 
posed specimens of either sample. 

Four X-ray spacings were observed with the 
Geiger-counter spectrometer at approximately 3.8, 
1.3, 7, and 11 A A high concentration of polar 
bridges along the polyamide chains has been associ- 
ated with extended chain configurations having the 
calculated length per repeating unit and side spacings 
of 3.7 and 4.4 A, respectively [25]. Even though 
the X-ray patterns showed no molecular orientation 
for sample 4409, the presence of the spacings at 3.8 
and 4.3 A indicates that there 
crystallinity [20] 

The results of the tests indicate that the 4.3-A 
spacings stronger when the nylon sample is 
penetrated at right angles by the X-ravs. This 
indicates a perpendicular position to the plane of the 
film. The 3.8-A spacing appears to be more in the 
plane of the film 

If nvlon sample 4409 were completely amorphous, 
a 4.18-A spacing observed by Baker and Fuller [25! 
in quenched polyamides would be expected — It 
appears that there is some crystallinity in’ both 
samples 4407 and 4409 and that sample 4407 is more 
crystalline than sample 4409 


is some degree of 


XIV. Electrical Properties 
With A. H. Scott 


The dielectric constant and dissipation factor of 
nvlon samples 4406 and 4407 were measured before 
and after exposure to ultraviolet radiant 
determine whether or not these properties changed 
sufficiently to indicate the degradation of the ma 
terials 

The dielectric constant and dissipation factor of 
dry 610 nylon polymer have been reported as 3.5 
and 0.02, room temperature; at 
temperatures above 100° C, the values are much 


energy to 


respectively, at 


409 





greater and are similar to values of polar, hydrogen- 
bonded liquids such as alcohols [20]. Errera and 
Sack [26] have reported the following dielectric 
constant values for nylon, presumably the 66 type: 
4.2 at 10 ke/s, 3.26 at 500 ke/s, 3.15 at 4 me/s, and 
3.15 at 10 me/s. 

The dielectric constant and dissipation factor 
measurements were made with a conjugate Schering 
bridge in accordance with ASTM Method of Test 
D 150-47T [27]. Tinfoil electrodes were applied to 
the film, using Vaseline as an adhesive. Measure- 
ments were made at 1,000 and 100,000 c/s. The 
measurements were made at 25° C and 50-percent 
relative humidity after the test specimens had been 
at these conditions for 24 hr. The ultraviolet treat- 
ment was made by exposing specimens of the films 
to radiant energy from an RS sunlamp for 20 hr in 
nitrogen at 100° C. 

The tests were designed to determine the electrical 
uniformity of the nylon samples. Electrodes were 
placed on the specimens at three different positions, 
namely, in the center and at two positions off center. 
The latter two are designated as the second and 
third positions. The results are presented in table 15. 

The films were found to be electrically nonuniform 
The difference in the dielectric constant of different 
parts of the same specimen is as great as 50 percent. 
These large differences would tend to obscure changes 
resulting from exposure of specimens to heat, ultra- 
violet radiant energy, or other degrading forces. 
However, the results indicate that the dielectric con- 
stant of sample 4406 is not affected by the exposure 
to ultraviolet radiant energy and that the dielectric 


constant of sample 4407 is decreased markedly by 


the exposure to ultraviolet radiant energy. No par- 
ticular trends are noted in the dissipation factor 
values 

The dielectric constant of both samples increased 
as the period of contact with Vaseline increased. 
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The dissipation factor of sample 4406 increased, a: 
that of sample 4407 decreased at the longer perio 
of contact with the Vaseline. The reason for the 
changes was not apparent since any swelling resu|'- 
ing from absorption of Vaseline by the polyami 
would cause the dielectric constant to decrease. 


XV. Effects of Water and Alcohols 
With M. J. Reiney 


The effects of water, methanol, and ethanol on the 
polvamide samples were investigated by immersing 
the films in these liquids before and after exposure 
to heat, ultraviolet radiant energy, and outdoor 
weathering. The effects of these particular liquids 
were investigated because in any actual use the 
polyamide films come into contact with water and 
in casting the films alcohols are probably used as the 
solvents. 

The results of the tests made with original un- 
treated specimens of the polyamide film samples are 
presented in table 16. Continuous immersion in 95- 
percent ethanol and methanol caused the polyamide 
films of the 66/6 and 66/610/6 types to split or dis- 
integrate. Continuous immersion in water 
the 66/6 type films to disintegrate but caused onl) 
clouding of the water for the 66/610/6 type. 'nm- 
mersion in absolute ethanol had no effect on the 66 6 
polymers and disintegrated the 66/610/6 polymers 

The effects of alcohol immersion on specimens of 
the polyamide samples that had been exposed to 
heat, ultraviolet radiant energy, and outdoor weather- 
ing are shown in table 17. Exposure to ultraviolet 
radiant energy causes an increase in the degree of 
attack by 95-percent ethanol and methanol.  Im- 
mersion in 95-percent ethanol for 1 hr had no effect on 
any of the specimens that had been heated to 87° C 
for 68 hr. Exposure outdoors for 2 months had no 
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effect on the degree of attack by methanol. Ex- 
posure to ultraviolet radiant energy increased the 
degree of attack by methanol. 

lhe behavior of sample 4410, a 66/610/6 polymer, 
is different from that of the other poly mers. Before 
‘xposure the specimens are more resistant to water 
and 95-percent ethanol, resistant to ab- 
solute ethanol and methanol, and after exposure to 
ultraviolet radiant energy are affected more by 
absolute ethanol and methanol. 


less 


PaBLe 17. Effects of alcohol immersion on polyamides exposed 


to heat and ultraviolet radiant energy 
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XVI. Discussion of Results 


1. Changes in Molecular Constitution 


(a) Mass Spectrometry 


The presence of the products detected by mass 
spectrometry, namely, water, carbon dioxide, ethanol, 
carbon monoxide, and hydrocarbons, may be ex- 
plained as follows: 

Most of the water was absorbed on the polymer 
molecules. A small part of the water may have 
resulted from a reaction of the type: 


tautomeric 


te 


shift 





Such a reaction would result in cross linking of the 
polyamide chains. However, if cross linking did 
occur as a result of the treatments it was not suf- 
ficient to affect the solubility of the polymers in 
ethanol 


The arrows indicate the points of cleavage in the 
polymer chain. The carbonyl group of the peptide 
linkage absorbs energy at 280 mg, and this energy 
apparently results in the scission of the bond between 
the imine group and the carbonyl group 

Presumably most of the carbon dioxide shown by 
the analysis was originally sorbed by the polymer 
In the experiments made at the higher temperatures 
and/or with ultraviolet radiant energy, a small 
amount may be formed by the decarboxylation of 
the chain ends. Decarboxylation at temperatures 
of 100° C appears to be reasonable 

The ethanol evolved from these films is probably 
The specimens used in most of the 


residual solvent 
experiments were studied in the condition in which 


they were received. The literature [28] indicates 
that sample 4406 is similar to the German Igamid 
5A, which was made by casting the film from solution 
of the polvamide in ethanol. Residual ethanol could 
be attached at the peptide linkage during manufac- 
ture and act as a dipole associated plasticizer. The 
ethanol found in the products obtained at the milder 
conditions was evolved from the polyamide film when 
the apparatus was evacuated (see section ITT) 


(b) Pyrolysis 


Water was one of the gaseous degradation products 
resulting from pvrolvsis of these polvamides. The 
conditioning period in which the films were heated 
for 2 hr at 150° C in vacuum should have removed 
sorbed water and gases. Water may be formed by 
reaction [A]. The probability of reaction [A] ocecur- 
ring in sample 4407, where there is the possibility of 
more peptide linkages in proximity to each other, is 
greater than in nvlon sample 4409 where the formula- 
tion suggests a more dispersed dipole population 
[t is interesting to note that the water produced on 
pvrolvsis of 4409 is almost insignificant. This water 
represents about 0.6 percent of the total oxvgen of 
the polymer. With nvlon 4407, 9.7 percent of the 
total oxvgen of the polymer was evolved as water 
The mechanism proposed above would lead to eross 
linking of the pelvymer. A relatively small percent- 
age of linking leads to insolubilitv. The 
residues of these pvrolvses showed only partial 
solubility in ethanol; but no quantitative study of the 
relative solubilitv of samples 4407 and 4409 was 
made 


cross 


Carbon monoxide was evolved in all the ex je 
ments in which the specimens were expose 4; 
temperatures of 90° to 100° C. Hydrocarbons wer, 
found in all experiments in which carbon mon 
was detected. A possible source of these 
compounds is as follows: 


+ Hydrocarbons + C O 


The cyclopentanone formed in the pvrolvsis ex. 
periments may be accounted for in two ways. Thy 
polymer molecule may break as follows: 


[C] 
H 
N 


Scission at these places is logical since the C-N 
bond is weaker than the C-C bond, 66 keal com 
pared to 82.5 keal [29]. The radical produced may 
split off carbon monoxide and form cvclopentanon 


[D] 


If this mechanism is correct and if it represents th 
only source of cyclopentanone, evclopentanone an 
carbon monoxide should be produced in the mola 
ratio of 1:1, but the observed ratio was 4:1. 

Another possible mechanism to explain formatior 
of the cyclopentanone is as follows. If adipic aci 
terminated the polymer chain, a reaction of th 
following tvpe may occur 


H 
N 


If a slight excess of adipic acid were used in 
manufacture of the polymer, a large portion of | 


chain ends would be carboxyl groups 
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It is possible that cyclopentanone is produced by 
th mechanisms described. There is_ sufficient 
hon dioxide and carbon monoxide to account 
these mechanisms. The moles of cyclopentanone, 
bon dioxide, and carbon monoxide produced are 
out 0.017, 0.08, and 0.004, respectively, for sample 


\ very small amount of cyclopentanone was found 

the products from sample 4409. This polymer 

ntains some adipic acid salt. The ratio of cyclo- 
ntanone to adipic acid component for sample 

107 is about 40 times the same ratio for sample 

109. Evidently the sebacic acid component mark- 

llv affects the course of the reaction. If the ten 
carbon unit breaks out in a manner similar to the 
reaction in equation [C], the production of cyclo- 
pentanone would not be expected. If a ten carbon 
eyelic ketone formed, its existence would be transi- 
tory at the temperatures of the experiment consider- 
ing the well-known weakness of ten carbon rings. 
It should be noted that no carbon monoxide was 
produced by sample 4409. 

The carbon dioxide found is in excess of the maxi- 
mum possible calculated on the basis of two carboxyl 
groups per molecular chain. If a molecular weight 
of 16,000 is assumed (table 12), the total possible 
mole percent of carbon dioxide that may be gener- 
ated is about 0.3 percent; the mole percent of carbon 
dioxide found is about 3.5 and 4.6 percent for 
samples 4407 and 4409, respectively. This shows 
that a large part of the carbon dioxide was sorbed 
on the original material or comes from parts of the 
chains other than the ends. 

The amounts of oxygen in samples 4407 and 4409 
are 15.2 and 14.2 percent, respectively. The 
amounts of oxygen found in the gaseous fractions are 
about 2.9 and 3.3 percent, respectively. Although 
the gaseous fractions constituted only 5 percent of 
the weight of the polymer, these fractions contained 
19 percent of the oxygen in sample 4407 and 23 
percent of the oxygen in sample 4409. This can be 
explained on the basis that the C—N bonds break as 
indicated in equation [C] and that the fragment 
broken out decomposes as indicated in equation 
[B} or [D]. 

An obvious postulate to account for the large 
amount of carbon dioxide and hydrocarbons formed 
on the pyrolysis of these polyamides is that the 
C—N bonds break as indicated in equation [C] and 
that the fragment, of either six or ten carbon units, 
decomposes by some unknown mechanism to give 
carbon dioxide and hydrocarbons. In the case of the 
six carbon unit, part but not all of the fragment gives 
eyelopentanone and carbon monoxide as shown in 
equation [D]. 


(c) Ultraviolet Transmission 


Nylon is a polypeptide, and absorption character- 
ties similar to polypeptides and proteins would be 
xpected. A region of selective absorption at 
pproximately 280 mu has been attributed to the 

ptide group [30,31] and more particularly to the 


carbonyl unit of this group [32]. Thus it seems 
probable that the absorption in the region of 280 my 
found in the polyamides is caused by the peptide 
group and more specifically by the carbonyl unit in 
this group. 

The absorption band between 260 and 330 my 
with the polyamides may also be attributed in part 
to an associated structure between the peptide group 
and water or ethanol. The loss of the water and/or 
ethanol by the polyamides may cause an increase in 
the transmission in this region. The results obtained 
in this investigation show that exposure to ultra- 
violet radiant energy causes the disappearance of 
this absorption band; however, soaking the exposed 
specimens in water or ethanol does not cause it to 
return. 

Anslow and Nassar [30] exposed solutions of egg 
albumin to ultraviolet radiant energy and found that 
the solutions first became rapidly more absorptive 
and after several hours of exposure to the radiation 
became less absorptive. They attributed this to 
breaking of the peptide linkage followed by recom- 
binations producing hydrophobic molecules. About 
4.4 electron-volts were required to break the peptide 
linkage. The effect of solvents such as aqueous 
sodium hydroxide and ethanol was to reduce the 
energy required to break the peptide linkage in egg 
albumin. In fact, exposure to sunlight through 
ordinary glass was sufficient to effect dissociation in 
such solutions. 

Carpenter [33] exposed benzylstearylamine and 
8-phenylethylstearylamine to ultraviolet radiant 
energy and observed that both were decomposed. 
He found that peptide groups adjacent to side chains 
such as aromatic groups can be decomposed on 
exposure to ultraviolet radiant energy with the 
liberation of the absorbing amino acid from the 
molecule. Mitchell [34] states that exposure to 
ultraviolet radiant energy produces hydrolysis of 
peptide groups. The following reaction has been 
suggested [35| for the photochemical hydrolysis of 
stearic anilide: 


: hy 
[F) _= =. H3s+H,0——> 
H O 
H oO 
™ N+CyH gC 
\ 
H OH 


Peptones and proteins were found to yield alde- 
hvdes, ammonia, and carbon dioxide when exposed 
to ultraviolet radiant energy in the presence of 
oxygen, The decomposition of amino acids by ultra- 
violet radiant energy in the presence of oxygen was 
found to be as follows [36]: 


H O 
0) 
[(G] R—C—COOH——R—C NH;+CO, 
NH H 
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Exposure of a dilute solution of protein to ultra- 
violet radiant energy in the presence of oxygen 
resulted in the disappearance of the characteristic 
transmission minimum at 280 my [37]. The effect 
was considerably slower in nitrogen. The products 
resulting from the degradation of the protein caused 
an over-all decrease in the total transmission of the 
solution. 

It is known that peptide groups form hydrogen 
bridges, possibly of the following nature: 


It is probable that denaturation by agents such as 
ethanol [38] causes these hydrogen bridges to be 
broken. The ethanol used to dissolve the nylon 


in making the film may break the hydrogen bridge 
and give a structure such as 


or some similar type of structure 

Exposure to heat and to ultraviolet radiant energy 
could eliminate the ethanol since the energy in- 
volved in a hydrogen bridge is only about 5 keal 
[38]. However, if both these treatments remove 
ethanol, the structures left in the polyamide must be 
somewhat different; heating does not eliminate the 
absorption but does cause an over-all decrease in 
transmission, whereas ultraviolet radiant energy 
causes an increase in transmission so that the ab- 
sorption band is removed. Water may be bound in 
a manner similar to that holding the ethanol. 

The following hypothesis is suggested to explain 
the difference in the behavior of these polyamides on 
exposure to heat and to ultraviolet radiant energy. 
The heat may cause breakdown of the associated 
complex between the carbonyl group and the ethanol 
and/or water, resulting in an over-all decrease in 
transmission. If the absorption in the region of 
280 mau is attributed to the carbonyl group, it would 
not be appreciably affected by elimination of the 
complex. The ultraviolet radiant energy causes 
some reaction to take place that eliminates in part 
the absorption supposedly characteristic of the car- 
bony! and peptide groups. The greatest change in 
transmission in the region of 280 muy, observed with 
sample 4407, was about 9 percent, that is, from 48 
to 57 percent. 

It may be that the characteristic dip can be at- 
tributed to structures such as that shown in [I] and 
that the structure shown in [H] has a somewhat 


greater transmission. The reaction in the pr 
of ultraviolet radiant energy could be as follow 


Another type of cross-linking reaction that elimi- 
nates the carbonyl group [39] has been suggested for 
proteins as follows: 


HO—C—N— 


N C 
H O 


It has been found that the exposure of spread films 
of protein (the completely uncoiled form of th 
molecules) causes some degree of coiling, evident 
through collapse of the film [40]. The coagulation 
of proteins with ultraviolet radiant energy has been 
reported by many investigators [41]. This suggests 
another possible explanation for the splitting and 
brittleness of the polyamide films observed after 
exposure to sunlight. 

The splitting of the C—N bond and removal of 
C=O as a result of ultraviolet exposure are possib| 
and could be responsible for the changes in the ultra- 
violet spectra. 


(d) Infrared Transmission 


The infrared transmission curves of the polyamides 
are interpreted as follows: The absorption of th: 
imine group (NH), which is ordinarily at 2.83 to 
2.93 uw, is relatively weak. However, a shift to a 
longer wavelength with increased intensity of absorp- 
tion occurs with bridging, indicating that the 3-. 
band is probably caused by linear NH.O bridging 
[42 to 44]. Absorptions at 3.36 and 3.42 uv are usually 
a result of carbon-hydrogen bond stretching. The 
intense absorption at 6.1 yw is attributed to the car- 
bonyl group, which usually absorbs at 5.76 to 5.54 
microns but is displaced to longer wavelength in 
nylon 66 and amides in general probably as a result 
of interaction between the carbonyl! and imine groups 
[42]. The intense absorption at 6.46 uw may result 
from N-H bending and could cause a harmonic effect 
at 3.2 


». M. 
The doublet band at 6.8 and 7.05 uw has been ob- 
served in diallyl adipate [45]. This pair of bands 
may be connected with CH, deformations, such as 
CH.— and CH, [42]. A band at 7.3 yp is 
tributed, in some CH, deformati 
Single bond stretching might absorb in this reg 
and the band has been observed in diallyl adipat: 
[45]. Thompson and Torkington [42] claim that in 
polyamides “‘much of the absorption between 8.4 
and 5.88 mw must be due to vibrations of 
C—CO—NH—C— part of the structure’”’. 
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The absorption at about 9.0 w was attributed to 
hydroxyl group in the case of polyviny! alcohol 
Thompson and Torkington [42]. From 14.3 u 
ower frequencies broad absorption has been ob- 
ved with oxygenated hydrocarbons and some 
dized hydrocarbon polymers. Methyl alcohol 
a broad absorption band here according to 
ompson and Torkington. 
in the present study no extensive changes were 
ealed by the infrared transmission measurements. 
some cases, structural differences of significance 
physical properties cannot be detected by in- 
frared methods because the relative number of 
chemical linkages affected is too small [46]. Ap- 
parently the degradation of nylon under the condi- 
tions used in this study results in either a change in a 
mall proportion of the chemical linkages or in altera- 
tions in chemical structure that are not accompanied 
by a change in infrared absorption, or both. 


(e) Viscosity Measurements 


It seems probable that some chain scission oc- 
curred during the treatments, as shown by the 
lowering of 9, In n,/c, and 9,,/e (table 12 and figs. 9 
to 12). The data obtained on solutions of specimens 
D and E show that the difference in degree of deg- 
radation is quite pronounced. No measurement 
was made with the 3-percent solution of specimen 
C since there was evidence of contamination. Never- 
theless, by comparing the results obtained from the 
\-percent solution of specimen C with those from the 
i-percent solution of specimen B, it is evident that 
the degree of degradation exhibited by specimen C 
shows the same relationship to that of specimen B 
as that observed for specimens E and D. 

The applicability of Baker’s equation [47] 


4lale ) 


to the polyamide solutions was examined. The 
value of z=3 was found to fit the data adequately. 
lhe values of intrinsic viscosity, [], calculated as 


[7] 


are tabulated in table 12. The agreement between 
values of [nm] obtained for the same specimen but 
vith solutions of different concentrations is fair. 
Figure 12 is a plot of the values of [y] versus the time 
{ exposure to the degrading treatment. 

Taylor [5] has expressed the relation between the 
itrinsie viscosity of nylon fractions in formic acid 
nd the molecular weight as My 13,000 [n] '*°, where 
\/y is the number-average molecular weight and [y] 

the intrinsic viscosity in formic acid. The meas- 
rements of intrinsic viscosity in this laboratory on 
imple 4410 were made in m-cresol. In 90-percent 
rmic acid the intrinsic viscosity values are approxi- 

iately 0.9 of those determined in m-cresol [20]. 
‘pplication of Taylor’s relation to the intrinsic 


viscosities of unfractionated polymers leads to a 
viscosity-average molecular weight (17,). 

Calculations from the results presented in table 12 
indicate that 0.4 percent of all chain bonds were 
broken in the specimen degraded by exposure to 
ultraviolet radiant energy for 168 hr, the treatment 
that resulted in the greatest decrease in intrinsic 
viscosity. Since the strength of the C—N bond is 
rather weak compared to the C—C bond, the chain 
break probably occurs at the peptide linkage. If 
this is the case, about 3.5 percent of the peptide 
linkages were broken in this specimen. 


2. Changes in Molecular Orientation 


Investigations were made to detect any changes 
in molecular orientation or crystallinity of the polya- 
mides under study. The terms “molecular orienta- 
tion” and “crystallinity” are used in this discussion to 
describe a condition or state in which sections of the 
macromolecules are more or less situated spatially in 
some definite pattern or alinement to one another. 
The development of crystallinity in films of polva- 
mides would be expected to lead to increased brittle- 
ness and splitting with a corresponding limitation of 
plastic flow. A decrease in the water or alcohol 
content below a specific minimum value would also 
produce the same changes in physical properties. 

There appear to be two types of molecular orien- 
tation possible in polyamides. One is hydrogen 
bridging through adjacent peptide groups. This is 
also referred to as intermolecular bridging and dipole 
association. The higher the degree of dipole asso- 
ciation, the greater the degree of crystallinity attrib- 
utable to hydrogen bridging. The other type is 
hydrocarbon packing or alinement of the polymethyl- 
enic sections between the peptide groups. It has 
been shown that smaller polymer molecules increase 
the possibility of more crystallinity or local order 
[48] and that molecular size has a determining effect 
on the uniformity of properties [49]. 

There are two other factors that may affect the 
degree of crystallinity. One is the association of 
molecules of water and alcohol by hydrogen bridges at 
the pe — groups. The other is the dispersion of 
liquids or gases in the form of minute spherical 
ine oe hon in the body of the polymer. The presence 
of molecules such as water and alcohol in any way in 
the matrix will reduce the potential for molecular 
orientation because of spatial factors 

On the basis of chemical constitution, the polva- 
mides used in this investigation can be divided 
roughly into two classes as regards possibility of 
molecular orientation. Samples 4405, 4406, 4407, 
and 4408 would be expected to have or develop 
higher degree of dipole association than samples 
4409 and 4410 because of the regularity in the spacing 
of the peptides. The 10-carbon acid along with the 
6-carbon acid in samples 4409 and 4410 creates an 
irregularity and causes the displacement of successive 
peptide groups along the chain. The caprolactam 
that is present in both classes also tends to create 
irregularity. This situation is analogous to the one 
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described by Baker and Fuller [18] for a 50:50 com- 
position of a 66/610 polymer, which shows the effect 
of copolymerization in decreasing the concentration 
of polar groups in the average planes. The unequal 
polymethylene group spacings cause some of the polar 
peptide groups to fall along the polymer chain where 
they cannot contribute to dipole interaction. 


(a) Miscroscopic Examination 


As all of these samples exhibit relatively small 
optic axial angles, and since the acute bisectrix is 
approximately normal to the film, microscopical 
examinations made with crossed nicols, especially 
with objectives of small aperture, are extraordinarily 
sensitive to slight changes in optical directions. This 
is interpreted to be the reason for the large difference 
in brightness exhibited in the photomicrographs of 
figure 14. 

The effect caused by cutting the film with scissors 
is noticeably less on the samples that were exposed 
to ultraviolet radiant energy. This is probably 
because the greater brittleness has limited plastic 
flow under the stress of the cutting edge. 

Each of the samples exhibits dark spots with low- 
power lenses. With higher power lenses it can be 
seen that many of the spots are transparent and only 
appear dark because of the scattering of light that 
they have caused. The larger spots occur in the 
untreated film as nearly spherical liquid, or at least 
optically amorphous, inclusions. They have re- 
fractive indices noticeably but not greatly less than 
the rest of the films. With exposure these spherical 
inclusions shrink somewhat, with attendant strain 
in the surrounding plastic, and their refractive index 
becomes much less than that of the rest of the film. 
The most plausible explanation is that a dispersed 
liquid has diffused out and been replaced by air or 
vapor 

These polyamide films are anisotropic. Sample 
4410 is apparently quite heterogeneous as compared 
to sample 4408, which appears to be very homo- 
Sample 4410 shows less effects from the 
exposures to ultraviolet radiant energy than sample 
4408 

The bright lines observed in both untreated and 
treated specimens are apparently places where the 
orientation of the molecules within the plane of the 
film has been disturbed These lines may have been 
caused by slight abrasion (hence, deformation) of 
the surface, by strains from shrinkage of the film, or 
by mechanical distortion 


cre Y ~ 
geneous. 


(b) Electron Miscroscopic Examination 


The electron micrographs of the unshadowed sur- 
faces of the untreated specimens and of those exposed 
to ultraviolet radiant energy and heat show no 
appreciable differences as a result of the exposures. 
The examination of the shadowed surfaces was more 
fruitful. 

The electron micrographs of the shadowed sur- 
faces of the untreated samples and of those exposed 
to ultraviolet radiant energy show that the crystal- 
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linity of sample 4407 appears to be increased nq 
that of sample 4409 not affected as a result o 
treatment. Exposure to heat appears to hav y 
effect on the crystallinity of samples 4407 and 
Exposure to ultraviolet radiant energy may px 
rotation of a segment of the polymer chain in 
more highly ordered state. If this is the situa 
then sample 4407 would be affected more 
sample 4409. 

Some of the difference in grain structure bety 
samples 4407 and 4409 may be caused by differe: 
in rate of cooling. 


(c) Electron Diffraction 


Assuming that the spacing in the region of 4.0 A 
(see table 13) represents hydrogen-bridged peptide 
linkage, the intensity of this ring should be pro- 
portional to the degree of order in the molecular 
chains. Positive determination of the crystallinity 
from such criteria as the intensity and width of th: 
lines could not be made even with such measuring 
devices as the recording densitometer and the com- 
parator because of the diffuse background and 
halolike character of the patterns. Visual estima- 
tion of the intensity and width of the rings was 
made by several experienced observers. There 
was no correlation between their observations and 
the treatments to which the films were subjected 
These electron diffraction studies revealed 
changes in the degree of molecular orientation of the 
polyamides as a result of exposure to heat and to 
ultraviolet radiant energy. 


no 


(d) X-Ray Diffraction 


The results obtained with the X-ray penetration 


photographs show some correlation with those 
expected on the basis of chemical constitution 
Sample 4407 appears to be more crystalline than 
sample 4409. The differences are sufficient to 


identify the samples. 

Like proteins, the sorption of water has a marked 
effect on the physical properties of polyamides 
The effect of water and of ethanol on samples 4407 
and 4409 was studied with X-ray diffraction tech- 
niques. Specimens of each sample were subjected 
to the following treatments for 1 month: (1) dried 
over magnesium perchlorate, | conditioned at 
50-percent relative humidity, (3) immersed in dis- 
tilled water, and (4) immersed in 95-percent ethano! 
respectively. The spacings and intensities obtained 
by measuring the X-ray reflections with a Geigt 
counter spectrometer are so similar that no definit: 
trends can be recognized. There appears to be a 
tendency for the 4.3-A_ spacing 
intensity from the dry to the wet 

It is possible that the 7 
be an identity period along the polymer cha 
The increase in this spacing on exposure of samy 
4407 to ultraviolet radiant energy may be attribut 
to the unkinking of the chain when dipole associat: 
compounds, such as water, ethanol, or caprolacta! 
leave the polymer. This would permit bridg 
it the peptide groups and tend to extend the cha 
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the case of sample 4409, the chain may tend to 
ik on exposure to ultraviolet radiant energy. 
is may be explained by interference between the 
lar groups and by a tendency of the longer methyl- 
chain to twist. As the polar linkages are broken, 
longer hydrocarbon chain section may coil, thus 
ising a decrease in the spacing. These phe- 
nena would be related to the action of any dipole 
ociated plasticizer. 

Spacings at 17.4 and 26 A were observed by 

ker and Fuller [25] and were associated with the 

ntity period spacings. These spacings were 

served to change on retraction of the material. 
Sponsler, Bath, and Ellis [50] state that for gelatine 
he 11-A side chain spacing may be expected to 
disappear when the water content is great enough 
to make the side chain spacing so large that the 
lavers become too distorted to form diffraction 
patterns. 

There is evidence that the weakening of intermo- 
ecular forces May allow rotations to occur that would 
result in more complete lattice formations 125, 51]. 
The theory of rotation and further polymerization 
in the solid state may be explained by the “Segment 
theory of chain polymers” [51]. The probability of 
a given segment rotating is determined by the con- 
centration of energy in the segment. This is shown 
- the annealing work done on linear polyamides by 

fuller, Baker, and Pope [51]. Both amorphous and 
coemlies regions can exist in the film. Crystalline 


regions might be formed if sufficient energy is dis- 
tributed along the molecular chain. 

The splitting observed on exposure to heat and to 
ultraviolet radiant energy may be attributed to a 


rearrangement to a more crystalline state. In this 
case, evidence of increased crystallinity would be 
expected in the X-ray patterns; however, no in- 
crease in crystallinity was observed. 

X-ray studies by Baker [52] and Brill [53] show 
that hydrogen bond rupture occurs on heating 
polyamides. <A study of the rupture of intermolec- 
ilar forces in molten nylon suggests that some of the 
ntermolecular bonds rupture before melting, and 
thus permit “rotational movements and realinements 
nferred from X-ray diffraction data” [54]. 


(e) Electrical Measurements 


The polyamides used in this investigation are elec- 
cally nonuniform to a high degree. This variation 
electrical properties tends to obscure changes that 
vht arise from alterations in molecular orientation 
e to exposure to heat, ultraviolet radiant energy, 
other degrading forces. However. the results 
tained indicate tentatively that exposure to ultra- 
let radiant energy reduces the dielectric constant 
sample 4406 slightly and that of sample 4407 
rkedly. 
lt seems highly probable that the nonuniform re- 
ls reported here may be connected with local 
lations in the degree of dipole association. The 
inge in dielectric constant with respect to time 
en the electrodes are not moved may be attributed 


a change in the degree of dipole association under 


the influence of the electrical field. Changes in the 
degree of association of water at the free dipoles may 
also be a factor. Baker and Yager [55] have dis- 
cussed the effect of hydrogen bridging in ny lon on 
dielectric measurements. 


(f) Effect of Water and Alcohols 


The apparent relation between the degree of mo- 
lecular orientation and degree of attack by liquid 
may be explained by the following hypothesis: Since 
the degree of intermolecular bridging in samples 
4409 and 4410 is less than in the other samples, 
more unbridged carbonyl groups are available in 
samples 4409 and 4410 to associate with the liquid. 
The decreased degree of attack by the water in 
samples 4409 and 4410 is explained by the water 
molecules being sufficiently small to remain between 
the polymer chains without causing linear and lateral 
disorder sufficient to weaken the intermolecular 
forces holding them together. The alcohol mole- 
cules, on the other hand, are sufficiently large to 
cause enough disorder to weaken the intermolecular 
forces holding the polymer molecules together and 
permit further attack by the solvent. 

The attack by water on samples 4406, 4407, and 
4408 may be directly at peptides that are hydrogen 
bridged. Water being a very strong polar solvent 
may cause dissociation of the existing bridge and be 
held between the peptides causing a resultant strain 
on the molecular relations. 

Ethanol, a larger molecule, apparently cannot 
interleave between chains of samples 4406, 4407, 
and 4408. Absolute ethanol does not show effects 
that indicate that it is breaking intermolecular 
bridges between adjacent peptides. In the case of 
samples 4409 and 4410, with more free dipoles and 
possibly less packing between the polymer chains, 
ethanol possibly can be absorbed. The size of the 
ethanol molecule, however, strains the chain con- 
figurations of these polymers. 

The effects observed with 95-percent ethanol seem 
to indicate a preferential absorption of the water in 
samples 4406, 4407, and 4408. Samples 4409 and 
4410 show effects similar to absolute ethanol. In 
general, cosolvent effects result. 

Methanol represents a molecule of intermediate 
size. The data seem to indicate that the main 
attack by methanol is at unassociated dipoles. The 
association of a polar liquid at a free dipole may 
displace polymer chains with resultant strain that 
may make intermolecular bridging between the 
polymer chains more susceptible to attack by the 
polar solvent. 

Methanol attack is greater after exposure of the 
films to ultraviolet radiant energy. Considering 
the immediate attack to be at free dipoles in the 
polymer, it seems logical to assume that exposure to 
ultraviolet radiant energy releases intermolecularly 
bridged peptides, thus causing a decrease in the 
degree of crystallinity. A decrease in molecular 
weight may also result in increased attack by 
methanol because of increased association at chain 
ends. 
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Hill and Walker [56] in their work on polymer 
constitution show that the melting point of a 
crystalline polymer depends on the arrangement of 
the molecules and the relative amount of inter- 
molecular forces between the molecules in the 
crystal lattice. Polyamides with high melting points 
have peptide arrangements that permit a high degree 
of bonding between carbonyl and amino groups in 
adjacent molecules. The data obtained by Biggs, 
Frosch, and Erickson [57] on the effect of varying 
the degree of N-alkylation on the melting points of 
polyamides support the view that hydrogen bridging 
is the main cause of the high melting points observed. 
Additional information on the effect of hydrogen 
bonding on melting points is reported by Baker and 
Fuller [20, 25]. 

The relation between the melting points of the 
original polyamide samples used in this investigation 
and the final effects of the liquids are shown in table 
18, in which the materials are arranged in order of 
decreasing melting point. If the melting points of 
these polyamides, which are similar in chemical con- 
stitution, are an indication of the intermolecular 
forces or the degree of crystallinity, the data in the 
above table indicate that the more crystalline poly- 
mers are more readily attacked by the water and the 
less crystalline polymers are more readily attacked 
by the absolute ethanol and methanol. The effect of 
the 95-percent ethanol is erratic, since the mixture 
exhibits cosolvent effects. 

The relation between the effects of absolute 
methanol and the melting points of the original and 
exposed samples is shown in table 19. The effect of 
absolute methanol on the original untreated speci- 
mens is about the same as that on specimens exposed 
outdoors, and the melting points are practically the 
same. The melting points of the specimens exposed 
to ultraviolet radiant energy are less than those of 
unexposed specimens, and the effects of the absolute 
methanol are greater. If this is interpreted in terms 
of the hypothesis advanced above, it is indicated 
that there is little or no change in crystallinity in the 
specimens exposed outdoors and a decrease in 
crystallinity in the specimens exposed to ultraviolet 
radiant energy in the laboratory. 


TaBie 18. Relation between effects of liquids and the melting 
points of the polyamides 
Degree of attack 

Sam ple 

designa of Methanol 

tion Melting point Water ethanol Ethanol, 
IS mo : 15 mo 
iS mo 
1) min 16 mo 

j ( 

' 4407 188 to 190 5 4 l ; ‘ 
140s 186 to 191 5 ‘ l ; 4 
40 179° o 180 l 4 4 
440 179 to 180 : ‘ 1 ‘ ‘ 
Hoy 145 to 147 2 ‘ 

4410 161 to 163 2 ; 4 
*s at ‘ od atin k 


TABLE 19 Relation between effects of methanol immers 
melting points of original and exposed polyamides 


Exposed to ultra Exposed out 


Untreated violet 2 mont! 
Polya- 
mide 
sample Melting Effect Melting Effect Melting : 
point of meth point of meth- yx int of 
anol ® anol 
Lf ( ( 
4405 179 to 180 4 
4406 179 to 180 4 163 to 170 180 to 183 
4407 188 to 190 4 173 to 178 5 188 to 189 
4408 186 to 191 4 180 to 182 190 to 191 
4409 165 to 167 5 152 to 160 5 162 to 169 
4410 161 to 163 145 to 151 6 164 to 166 


* See table 16 for code indicating degree of attack 


3. Relative Effects of Environmental Condition: 


The present study indicates that exposure of poly- 
amides to ultraviolet radiant energy results in deg- 
radation. This is attributed to absorption of th 
short wavelengths by the carbonyl groups of the 
polymer with a resultant breaking of adjacent C—\ 
bonds. Strongly bound water or organic liquids 
that act as a plasticizer are also removed. The net 
result is a decrease in strength and an increase in 
brittleness. 

The viscosity, mass spectrometric, and ultraviolet 
transmission studies show that the polyamides ar 
affected by exposure to heat. This effect is less 
pronounced than that caused by exposure to ultra- 
violet radiant energy and may be of a different type 
or order. 


4. Relation Between Stability and Chemical 
Constitution 


The 66/610/6 polyamides have compositions that 
should be favorable to less intermolecular bridging 
than the 66/6 polyamides. However, factors such 
as cooling rate from the molten state, which appar- 
ently has a considerable effect on the degree of asso- 
ciation between chains, must be considered. It has 
been suggested [58] that a 66/610 (30:70) polymer 
is qualitatively less crystalline and consequently has 
a lower melting point than a 66 polymer. One can 
expect that the more heterogeneous the chemical 
composition of a polyamide is, the more resistance 
it will have to degradation. 

The carbonyl groups in the polymer are a seat of 
ultraviolet absorption and consequently are detri- 
mental to stability of the molecure. The adjacent 
comparably weak, C— N bond is an arrangement that 
is susceptible to chain scission. 

A superpolyamide with properties similar to th: 
66 polymer has been prepared from piperazine and 
dicarboxylic acids and is thought to contain no 
hydrogen bridges between molecules [59]. The re- 
sistance of poly amides to embrittlement on degrada- 
tion increases when an amino hydrogen of an a 
matic amine having at least two cyclic nuclei (e 
8-naphthylamine or phenothiazine) is incorpora 
in the polymer molecule [60]. It is also repo 
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t the stability of polyamides to heat and light is 
eased by adding 0.5 to 4 mole percent of an 
de-forming aromatic compound in the monomer 
ture prior to condensation [61]. Plasticization 
polvamides has also been suggested [62, 63]. 
hvlation of a fraction of the amide bonds results 
»olymer molecules with the same strength as the 
nal ones but eliminates the possibility of the 
— of hydrogen bridges [25, 64]. N-substi- 
d polyamides obtained whe mixtures of disec- 
dary, secondary-primary, and diprimary amines 
polymerized with dibasic acids have less hydrogen 
dging and molecular interaction because of the 
eral substituents [65]. The amount of N-sub- 
tution determines the properties of the polya- 
mides; they can be varied from the hard tough 
polymers of the unsubstituted types to the soft 
tacky polymers of the 100-percent substituted types. 
Higher alkyl-N-substituted 610 polymers are less 
crystalline, have less potential crystallinity, and 
possess a higher degree of long-range elasticity than 
nethyl-A -substituted 610 polymers. The basic ides 
involved in modifying these chemical structures is 
to prevent proximity of dipoles between the mole- 
cules 


5. Improvement of Service Life of Polyamides 


The service life of polyamides could be extended 
by adding materials that will absorb the ultraviolet 
radiant energy instead of allowing the short wave- 
lengths to be absorbed by the carbonyl group in the 
polyamide or by coating or covering with a material 
that would keep the ultraviolet radiant energy from 
getting to the carbonyl group. It appears unneces- 
sary to protect from heat except under extraordinary 
circumstances. Maintaining the water content at 
a relatively high value would also extend the service 
life. Precautions should also be taken to prevent 
the loss of organic liquids or if they are lost to make 
certain that they are replaced with water or some 
other material capable of forming a similar associated 
complex. The absorption of excess amounts of 
water should be avoided since they cause a change 
in the strength properties. Water and organic 
liquids held in this manner act as volatile plasti- 
The use of less volatile water-insoluble ma- 
terials that would be bound in a manner similar to 
the way water and alcohols are held is suggested. 

The detrimental effects of changes in crystallinity 
or order on degradation may be remedied partially 
changing the chemical constitution as mentioned 
in section XVI, 4. The changes in chemical consti- 
tution would need to be carefully controlled to 
retain the desirable physical characteristics. On 

basis of our present limited knowledge of such 
cls, experimentation is the only method of de- 
rmining how much of the problem can be solved 
this method. It appears that as long as the 

‘tide group is present, a definite focal point of 

ack for degradation exists. The addition of 

ups, such as phenyl, may only act as radiant 
rgv absorbers and may be capable of transferring 


cizers, 


this absorbed energy to the weaker C—N_ bond 
causing it to break. The resulting smaller polymer 
molecules would be prevented from crystallizing by 
the presence of the large side groups. However, it 
is probable that any appreciable increases in stability 
by changes in chemical constitution would also 
produce soft tac ky polymers. 


XVII. Summary 


The degradation of polyamides may involve the 
following: (1) change in chemical structure of the 
polymer molecule, (2) change in crystallinity (molee- 
ular orientation) including effects produced by 
hydrocarbon packing, dipole rearrangement, and 
hydrogen bridging, (3) change in the amount of 
molecularly associated materials that have a plasti- 
cizing effect, such as water and ethanol. 

Infrared transmission studies of samples before 
and after exposure to heat and ultraviolet radiant 
energy show that there are no fundamental changes 
in the repeating unit of chemical structure of the 
polyamide molecule as a result of such treatment. 
Viscosity measurements show that the molecular 
weight decreases with the severity of the exposure 
conditions and with an increase in the period of 
exposure. The decreased resistance to immersion 
in water and alcohols as the material is degraded 
also indicates a decrease in molecular weight. It is 
concluded from these studies that the polymer 
molecule breaks into smaller molecules. The results 
of the mass spectrometric and_ pyrolysis studies 
show that the polymer molecule breaks at the C—N 
bond of the peptide group and that the nitrogen 
atom remains attached to the polymer molecule. 
From the nature of the products it is evident that 
C—N bonds in adjacent peptide groups of a molecule 
break, releasing a bicarbonyl polymethylene frag- 


ment. This bicarbonyl polymethylene fragment 
reacts to form water, carbon monoxide, carbon 
dioxide, hydrocarbons, and cyclopentanone, the 


products depending on the exposure 
conditions. The breaking of a very small proportion 
of the N bonds would result in an appreciable 
decrease in molecular weight and an appreciable 
change in physical characteristics. 

The evidence for a change in crystallinity on 
exposure of the polyamides to heat and ultraviolet 
radiant energy is not as positive as that for a change 
in chemical structure and composition. The results 
of the light and electron microscopical studies sug- 
gest an increase in crystallinity particularly on 
exposure to ultraviolet radiant energy. The electron 
diffraction, X-ray diffraction, and electrical studies 
fail to reveal any changes in crystallinity. The 
increased degree of attack by alcohols after exposure 
to ultraviolet radiant energy may be attributed 
either to the reduction in molecular weight or to 
reduced crystallinity. 

The loss of water, alcohols, or similarly dipole 
associated materials results in appreciable changes in 
physical characteristics. These small molecules are 
probably bound by hydrogen bridging to the oxygen 


particular 
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of the peptide group or some other associated molec- 
ular complex. They act as _ plasticizers for the 
polyamides. The results of the mass spectrometric, 
ultraviolet transmission, microscopic, and mechanical 
property studies show that sorbed water and ethanol 
are released on exposure to ultraviolet radiant 
energy. The loss of associated molecules as well 
as a decrease in the size of the polymer molecules 
will tend to foster an increase in crystallinity. 

The results of the investigation show clearly that 
no single method gives a complete picture but that 
correlation of the results from several of the methods 
gives an insight into the mechanism of degradation 
of polyamides. 
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Radiation Properties of Spherical Antennas as a Function 
of the Location of the Driving Force 


Philip R. Karr 


\ theoretical analysis is made of the radiation properties of a perfectly conducting 
sphere excited as an antenna by a driving force that acts in the @ direction in a narrow strip 
around the circle of colatitude @=4) on the surface of the sphere. As the location @ is varied, 
the radiation pattern, together with the current distribution and the input admittance, 
In the present paper some of these effects are analyzed, it is believed for the first 
In previous work only the case of center feed is treated. 
Unless @ the radiation pattern is not symmetrical with respect to 
are discovered in the 


change. 
time 

equals 90 degrees, 
the equatorial plane Some interesting features of this asymmetry 
course of the analysis that have also been found experimentally in certain classes of antennas 
driven asymmetrically. The radiation conductance, which is proportional to the amount 
of power radiated for a given applied voltage, varies in a complicated way with %. How- 
ever, for a sphere whose radius is not too large compared with the wavelength, this trend is 


approximately as sin‘'@ 
A OO degrees, 
torial plane 

ing that 


Other features of the radiation are analyzed. 
the idealization of the feed conditions does not 


In some cases the radiation conductance is not a maximum for 
but is greater when the feeding strip is somewhat to one side of the equa- 


Reasons are given for believ- 


prevent the theory from giving 


experimentally pertinent results for the radiation properties 


I. Introduction 


The center-fed antenna in various shapes has been 
the subject of considerable theoretical and experi- 
mental research. On the other hand, the study of 
antennas not necessarily fed at the center has 
apparently received little attention in the theoretical 
literature. There has recently been a_ certain 
amount of systematic experimental work in this 
field [1, 2] *, and there are a number of practical 
applications of such antennas |3, 4]. It therefore 
appears to be of some interest to attempt a theoreti- 
cal study of asymmetrically fed antennas. In at- 
tempting such a study, it is necessary to find an 
idealization of the problem that can be solved 
mathematically and at the same time yields some 
physical insight into the nature of the results. In 
the present paper the spherical antenna is chosen 
for study. This form has the advantage that an 
idealized boundary value problem duplicating actual 
conditions to a certain extent can be set up and solved. 

The spherical antenna, while not expected to be a 
popular type for applications, is in a number of 
radically different from more 
ventional antennas, so that the results obtained can 
be of qualitative assistance in the study of such an- 
tennas. The problem of the prolate spheroid 
antenna with asymmetrical feed can in principle be 
solved as a boundary value problem in a manner 
similar to that presented here for the sphere, but 
tables of spheroidal wave functions are at present 
rather inadequate for any detailed study. The 
present report Is in some respects an extension of the 


respects not con- 
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racket 


for 


rences at the end of this paper 


work of Stratton and Chu [5] on the spherical 
center-fed antenna. A number of the equations 
found are generalizations of corresponding equations 
already found for the center-fed antenna. The 
generalization of the location of the feed introduces 
some interesting effects. These, together with som 
other matters, are discussed in some detail. It is 
hoped that this paper will help to stimulate som 
further work on the subject. 


II. Statement of the Problem and Its Formal 
Solution 


We consider a conducting sphere, figure 1, 
radius a, excited as an antenna by a driving em! 
which acts in the @ direction in a narrow strip around 
the circle of colatitude 6=@ on the surface of th 
sphere The center of the sphere is the origin o! 
system of spherical coordinates, r,@,¢@. As the loca- 
tion % is varied, the radiation pattern, together with 
the current distribution and the input admittan: 
The purpose of this paper Is to dese! 
some 


change. 
and, as far as possible, to “understand” 
these effects. Stating the boundary conditions m: 
precisely, we are applying a field £’ across a sn 
zone of the conducting spherical surface. T 
causes a field / to appear in space. The valu 
the tangential component /y of EF on the surfac 
such that &,+E’=0 everywhere on the spher 
surface since we shall assume perfect conductiy 
The solution of the boundary value problem c 
sists in finding wave solutions of Maxwell's eq 
tions, which on the surface of the antenna reduc 


i, Ee P . 
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Ve consider wave solutions of Maxwell’s equa- 


is in the charge-free and current-free space around 
sphere that will satisfy the correct boundary 


ditions on the sphere. 


1 


rical fields. 


The appropriate solutions 


will be in the form of rather well-known 


However, for the sake of complete- 


s we shall derive these solutions. Let the medium 


characterized by yu, ¢, and let the time variation 


is 


e*', Then Maxwell’s equations in 


onalized units reduce to 


V XE=— jou, 
V X A= joc E. 


mks 


(2) 


‘he divergence equations are automatically satisfied 
this case by solutions of (1) and (2), since the 


ergence of the curl of a vector is zero). 
‘al coordinates, (1) and (2) become 


spheri 


/ 


| 
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l 
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l Dum Ok, , 7 
sin AES (E, sin 6)— | ~jouH, 
1 OF 2) . : 
: - Ek 4) — 26) “ 
[a 66 or” »| Jonld 


3) ., OF, ‘ 
E rE,)— BY) jou, 


| > (Hf, sin 9 joel, 


r sin @ ely 





aI 1 OH, — : (rH,) |=jweE, 
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6=90° 
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8=90° 
Spherical antenna 


é direction in a narrow zon 


In 


Now in the present problem it is clear that 
0/O¢=0. Using this relation in (la) and (2a), we 
find immediately that the equations split into two 
sets of equations, one containing only H/,, Ey, and 
E., the other containing only E,, He, and H,. Solu- 
tions of these two sets are known as 7'M (transverse 
magnetic) and TE (transverse electric) solutions, 
respectively. In the present problem, it is clear 
that the 7 solutions are inappropriate. We shall 
be able to satisfy our conditions with 7M solutions; 
that is, solutions for which the magnetic lines are 
circles in planes perpendicular to the polar axis with 
their centers on this axis, and for which the electric 
lines lie in meridian planes. 

Write the three equations containing H/,, Ey, E.: 


> ow, oe, 


> So = —Jeu(rH,). 


] re) ; : . 
: H, sin 0)=jwe E,, 
rsin 600” ‘ _ 


re) , 
— — (rH,)=jwe(rE)). 
or . J ; 
When we differentiate the last two equations, with 
respect to @ and r, respectively, and substitute in 
the first, we obtain 


0” l oO l ra) , 
y - { —-.) #)  ’™> > a) ) 
53 (He) +4 E bay (He sin +: rH,)=0, 


where 
2r 
Wy ME ar “ 
. N 


This equation is separable in the form rH,=R(r)e@(@). 
Calling the separation constant n(n+1), we obtain 


ror ld zz | 
+ }-2,? = ~~; (Os @) until). 
R or? ' kr 06 dé E 6dé _ ] ” ; 


Making the substitution z=cos 0, the equation for @ 
becomes 


. oe oo l 
—2r Tl MNS 1)— 0 0, 
dx? or |1—z* 


which is the equation for the associated Legendre 
functions satisfied by the functions P'(x) and 
(J. (x) [6]. Only P(x) can be used in our prob- 
lem, because the function Q!(z) has singularities at 
r ae 

Returning to the r equation, we find that the sub- 
stitution P=2R/yr yields 


OP .1OP. 
+ -|. 
rr a’ 


P—0 


:, — . , l 
which is Bessel’s differential equation of order n+ 3) 





whose general solution is of the form 


P=C,Jasilkr) + Die Nass (her 

Since we desire the solution to approach a travelling 
Wave as To, we the linear combination 
(Hankel function), 


use 


He? (kyr J. ky Naalkr 
We then have as our generic 7'\M/ solution, after some 
manipulation, 


*P' (cos OHS. (kr), ta) 


*P" (cos 0) (nH 2. (ki krH2 i(kr)], (4b 


A, 1 - Oo 


P' cos 6 lH (kr)}. (4c 
sin @ O@ . 


jwe 


These are the fields of electric dipoles, quadrupoles, 
and in general 2"-poles. The 7 solutions, not 
used here, represent the fields of magnetic 2*-poles. 

Our solution will be a superposition of 7M waves 
(eq 4). To find the coefficients A, we expand the 
applied field -’ in a series of associated Legendre 
polynomials P! (cos @ 

VS . 
a,P! (cos 8). 


— 


a a 


E'(@ 


In (5) we have introduced the applied voltage 
defined by 


ie’ (@adé. 


vv 


The letter a, it will be recalled, stands for the 
radius of the sphere. This normalization allows the 
a, to be pure numbers, whereas /£’(@) will have the 
dimensions of field strength (volts per meter). 
Multiplying (5) by P5 (cos @) sin 6 dé, and integrating 
from 0 to 7, we have, on account of the orthogonality 
and normalization properties of 7?! (cos @), the follow- 
ing expression for a 


cos @) sin 6dé@ 


Ek’ (@)P! 


Now from (4 


Ey, 1 4 3? A,P' cos 6 [nfl 


J@E » 


ka) kaH 2. (ka ] 


(S 


Comparing (8) and (5) and remembering that on 
the surface, £4, ke’, we have for A,: 


a 


Va *a,(nH®. (ka kaH 2. (ka)| ' (9) 


A, qwea 


Thus the solution of our problem is a superpos 
of the waves given in eq 4, with the A, given by 
The manner of deriving the A, guarantees tha 
boundary conditions are satisfied. 

The values of the a, and therefore of th 
depend upon the assumed form of £’(@). In 
of what follows we shall specialize by assw 
i:’(@) takes the form of a “delta” function ap; 
at the feed point @= 4: 


ke’ (@) 


This means that 


2n-+-1 


a», P" (cos %) sin 6. 


2n(n+1) 


It should be noted that if 2’(@) is applied ovi 
small finite zone and does not vary wildly with ¢ 
over the zone, then the a, found in such a case would 
be practically the same as in eq 11 except for high 
values of n (ef. eq 53 to 55). For this reason, results 
based upon (11), which are correct for an infinitesi- 
mal zone are almost correct for a small finite zon 
except for those results that depend upon high values 


of i. 
IlI. The Radiation Field 


1. General Relations 


Having written down the formal solution of ou 
problem, we shall now investigate in more detail 
some of the important characteristics of our antenna 
Let us first consider the ‘radiation field’, (that 
part of the field that persists at large values of 7 
We note that as r-o, the term of 
dominates, and 


second 


*k P\ (cos OHS (kr), 


where E,.¢ denotes the radiation part of £. 

We see also, from (4b) and 4c) that as 7 
E./F4-—0, so that the radiation field is purely trans- 
verse (as it should be). Now as r becomes very larg: 
we have the well-known asymptotic expression 
the Hankel function: 


») 
J \ xkr- 


H® kr . =o ce 


Combining (13), (12), and (9), we find 


2ka é 


Vx 


where 


p » a(n, 6) L(n, ka) P! (cos 8), 


a(n, 8) 


P* (cos 6.) sin 6, (using (11)), 





L(n, ka) =)’ | ka H® (ka)—nH? (ea) | ' (16) 
find also, in the radiation region 


(17) 


_ ] , 
H \ : E, =7 Es. 


Thus the radiation field decreases as 1/r, as it 
should. Its @ variation is a superposition of the 
tions P! The contribution of each 
er n depends upon the nature and location of the 
itation through a(n, %) and upon the size of the 
sphere through L(n, ka). 

Before considering typical radiation patterns, it is 
useful to investigate the convergence of the series 
for Eva. We have for n>z, the Debye asymptotic 
formula [7] 


(cos @). 


» 


- . 7 
exp| z(@ cosh a—sinha)+7= | 
sinha “2 


< cosh a. 


BO O)~V ae 


W he re vi 


Writing x/n=sech a=, we obtain 


\.7 
72 @XP)J a try! 


Le(sty¥p-)-vp-} 


Disregarding small terms, the expression in braces 


comes 


ve find the approximate expression 


» ») 


H®(2)~j \ = (= a 


stituting in (16 
ind 


and disregarding small terms, 


' 2n-+ I 
L nk a . ‘ - Kae ) 


the associated Legendre polynomial we have 
symptotic formula [8], for n large 


t 


2n 
= cos (n4 ) 04 . 20 
y2nrsin 6 


e sees then that on account of the factor 


kae ) kae ) 


in (19), the series (14) for F,.¢ is convergent and that 
the terms fall off exceedingly rapidly as n becomes 
large. In physical terms, this means that the high- 
order modes contribute negligibly to the radiation. 
In practice we find that we may terminate the series 
around n=2ka. This can be seen roughly by 
examining figures 2,a and 2,b, which show the real 
and imaginary parts of L(n, ka) plotted versus}ka. 
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2. Small Spheres 


It is of some interest to study the radiation from a 
small sphere (ka<1). We expect on general grounds 
that as the radiating system becomes smaller (rela- 
tive to the wavelength), the lowest (dipole) mode 
should become dominant. ‘This is confirmed by an 
examination of figures 2,a and 2,b; as ka decreases 
considerably below 1, only 1 mode (represented by 
the real part of L(1, ka)) contributes appreciably. 

We may find an explicit expression for the effective 


dipole moment of the small spherical antenna. We 
have 
H?\(ka) 5) \ a las 
2); “a) 2 é ka j — 
H; : ke \ rka (ia :, ) 
as ka—0, these become 
Hex(ka)~j 5" 
j 2 
H2y(ka) ka V zka’ 
] ; 2 3 |2 ! 
so that L(1, ka) =) E aj \ ~~ V | 
* (ka)*”? ka<l. (21) 


-V/5 


One then finds, for the limiting case of small 
spheres, 

y jkr 9 

| 3 (29 


, , 
‘ (ka)y* ‘ re (cos @) sin 6.P! (cos 4), 9) 
r 


a radiation pattern like that for the Hertzian dipole. 
p# Since there is only one mode, the off-center feed 
does not introduce asymmetry in the radiation pat- 
tern, but merely reduces the field radiated for a 
given applied voltage in the ratio P} (cos 4) sin 
6) :1=sin? 6:1. 

The radiation field of a dipole of dipole moment 


Mk? ¢ and 


4 Te r [9]. 


sin 6 (23) 


| a 


Comparing this with (22) we find that the effective 
dipole moment of the small sphere is 
M (24) 


3re Va? sin? %. 
3. Moderate-Sized Spheres 
We now proceed to investigate the radiation 


patterns of spheres comparable in size to a wave- 
ength. In figures 3, 4, and 5, we have plotted the 


power radiation patterns | /,,,?, all normalized tc by 
same maximum value of |£,,47, for ka=1, 1! d 
2, and several values of @. An examination of {() ><; 
patterns discloses an interesting feature, which \ 
be described roughly as follows: as the feedpoi A 
is moved towards 0°, the patterns become mor 
asymmetrical and tend to lean more and more ay. ay 


from the feedpoint, into the hemispheres for w\ ich 
90°S @ < 180° (henceforth to be called the ‘‘forw 
hemisphere). Upon computing the power radiated 
into the “forward” and “rear” (0°S 6S 90°) hemi- 
spheres, by integrating the Poynting vector over thy 
two hemispheres, we find that there is more power 
radiated into the forward hemisphere. This is 
equivalent to the statement that 


‘© : °*e/2 
E23)? sin 6 d@> E et 
J wri2 JY 


2 sin 6dé@. 


The effect of 4 upon the appearance of the radia- 
tion pattern is marked only when the antenna has 
appreciable size relative to a wavelength. This has 
already been implied in the discussion of small 
spheres. 

The asymmetry we have found when 690° is 
due, mathematically speaking, to the fact that when 
690°, both the even-numbered and odd-numbered 


modes P! (cos @) are excited, whereas when @)=-90 
only the odd-numbered modes are excited. Th 
odd-numbered modes are symmetric about @=90 


the even-numbered modes are antisymmetric, that is, 


P' (90° +- 8) —P' (90° — 54), n even 


P! (90° +- 6) = P' (90° +-5), n odd 


4. End Feed 


In figures 3, 4, and 5, discussed above, there ar 
radiation patterns purporting to have the driving 
force at @=0 This calls for an explanation. Of 
course, as 4 approaches 0, the radiated power ap- 
proaches zero for a finite applied voltage V. This 
is shown by our equations and agrees with the ex- 
perience of experimental antenna workers who find 
that an antenna becomes a poor radiator as the feed 
point is moved toward the end. Some qualitativ: 
details on this point are given below. Although th 
radiation approaches zero, the radiation patter 
approaches a stationary configuration. We ar 
interested in obtaining this limiting pattern, which 
will serve as a good approximation for the patterns 
obtained when @ is not quite zero; that is, when t! 
antenna is fed near one pole. 

To accomplish this we must see what form eq 14 
takes as 0. The part containing 4% is 


it 


head 
2n-+1 , 
- P' (cos 4) sin Oo. 


a(n, 6) 
1) 


2ni(n 


We wish to express 7} (cos @)) as a Taylor's seri 
the form 
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P' (cos 4) g(n) 4-44 h(n)@+- .... 25) | From this, 


te the well-known formula [10] g(n+ 1)—g(n) 


(cos @,) 
(28) 


2)(n—3) (cos 6,)” ; ; . 
But referring to eq 26, we see that the expression 


1)(2n—3)2-4 j ‘ . : 
in square brackets in eq 28 is P, (1) =1, so that 
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FicurReE 9 Power radiation patterns for ka= 4. 
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Power radiation patterns for ka 


Che normalization is 


Power radiation patterns for ka 


rhe normalization is similar to that in figure 





Using (15), we then have, as % approaches zero 


(2n 


i 


+ O(@,)°. (30) 


Thus the limiting shape S (@) of the radiation pattern 


as 6-0 is given by 


l L n,ka P! 


cos @). 31) 


Looking back at eq 19 and 20, we see that S (@) con- 
verges These patterns for @=—0 are close ap- 
proximations to the patterns obtained when the feed 
is near @=—0 Among asymmetrically fed an- 
tennas, those having nearly end feed appear to be 
the most commonly used, so the results found for 
4 ~0 are of especial interest 


5. Related Experimental Results 


No experimental results for spherical antennas are 
known to the author. However, it is of considerable 
interest to note that the general type of behavior 
shown in figures 3, 4, and 5, as to the effect of @ 
upon the pattern, has recently been found experi- 
mentally for wire antennas [2] and thick cylinders 
[1] Quantitatively, we cannot compare 
such experiments with our theory). In those of the 
experiments in which the antenna lengths were of the 
order of a wavelength (so that the radiation patterns 
like those in figs. 3, 4, and 5 are relatively simple 
the effect of moving % toward 0° was quite clearly 
reflected in the patterns; they have this character- 
istic lean with more than half the radiated power 
going into the forward hemisphere. For example, 
figure 6 shows radiation patterns found for two 
antennas consisting of cylindrical pipes for which the 
ratio of diameter d to wavelength was 0.04, and 
whose ratios of length 1 to \ were % and 1, re- 
spectively. Each pipe contained a small gap near 
one end, across which the generator was connected 
The general similarity of the patterns to those of 
figures 3b and 5c is clear. Figure 7 shows some 
patterns obtained from figure 1 and figure 2 of 
showing the same sort of effect for 


of course, 


reference [2], 
wires, 

It is pleasing that our radiation pattern calcula- 
tions for the asymmetrically fed spherical antenna 
show features that seem to be characteristic of a wide 
class of asymmetrically fed antennas and that have 
been experimentally observed. 


6. Large Spheres 


It is of interest to examine the radiation patterns 
for larger values of ka (figs. 8, 9, 10). Here we find, 
as expected, increasingly complicated, multilobed, 
patterns. We find also that the “leaning’’ trend that 
exists for smaller antennas is no longer clear. One 
can no longer say that in the case of asymmetric feed 
the radiation pattern leans away from the feed 
point the patterns have too many lobes, large ones 


appearing in both hemispheres. One might sus} 
however, that even though the pattern trends 
more complicated, that here to, as in the case of 
smaller antennas, there is more power radiated 
the forward hemisphere. However, even this is 
longer true; in several cases an integration of Po) 
ing’s vector shows that less than half of the en 
is radiated into the forward hemisphere even 
#0. For the larger antennas there does not s 
to be any definite trend for the radiated energy 
favor either hemisphere. Thus except for the smal! 
spheres, the location of the feed point is not refle: 
in any clear-cut way in power distribution in 
he ‘misphe res. These statements appear also to 
true in the case of the longer asymmetrically fed \ 
antennas (figs. 3, 4, and 5 of reference [2]). 


7. Near-Polar Radiation 


The question arises: is there a simple characterist 
of the radiation pattern that indicates unambiguously 
which side of the antenna contains the feed point 
For the smaller antennas there is a characterist 
lean which renders such identification possible, bu 
this effect becomes unclear as the antenna increas 
in size. The hypothesis that there is always mor 
power radiated into the forward hemisphere has als 
been shown above to be false. The present inves 
gation has, however, revealed one simple feature tha 
appears to be correlated unambiguously with the loca 
tion of the feed point. ‘This is a characteristic, to b 
discussed below, of the radiation in the near-pola 
directions, that is, 
near 6=0° and @= 180 

We have seen that £, 
Legendre functions P'(cos @). 
are of the form 4(n)é@, for sufficiently small @, wher 
b(n) is a constant depending upon n, so that & 
of the form ¢,@ for small @. At the other pole £, 
of the form e.:¥, where y=x—9. At 6=0 and y=" 
Ei.aa=0. In general, |¢,;|#!e| except 


4 IS &@ superposition of th 


: when th 
excitation is symmetrical (@)—90°). 

We have seen that for @)=0 the shape of the patter 
is given by eq 31. Using eq 25 and 29 we find tha 
for small @ this becomes 


6 Lin. ka) +-0(0)2. 


Thus we have 


AP | 302m 7 +-1)Re: Lin,ka | t 
| Seen t 1) t+-1)Im Lin,ka) | Z 
i 


where @ is a constant immaterial to the pres 
discussion, and Re and Jm indicate the real a 


imaginary part, respectively. Also, recalling 
symmetry and anti-symmetry properties of P! (cos 
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. (2n+1)n(n+1)Im: Lin, ka) | (33) 


nN 


iese definitions of !¢,) and |e.! are for 6=0; for 


ther values of @ there are corresponding definitions. 
The hypothesis here presented, with considerable 
idence, is that if @< 90°, |e.!>J/e,!. This has been 
ind to be true in all the spheric ‘al antenna patterns 
that have been computed. This can be seen, for 
example, in figures 3, 4, 5, 8,9, and 10. (It has also 
been found in the experimental work on thick cylin- 
drical antennas, and is also apparently true in the 
case of the 16 radiation patterns given in reference 
(2} for wire antennas. ) 
For the interesting case 6=0°, we have calculated 
and {|¢,| from (32) and (33) for a considerable 
number of values of ka. The results are plotted in 
figure 1l asafunectionofka. In this figure the points 
that have been computed have been clearly indicated. 
The dashed curve shown is suggested by the points. 
We see that |c.'/\c,! has the value 1 at ka=0, and 
appears to have a generally increasing trend. Oscil- 
lations are superposed upon this trend, but there is 
no evidence that the curve dips down as far as the 
value 1 except at ka=0. Thus, particularly in the 
ease of end feed, all the evidence so far seems to 
support our hypothesis that the smaller of the two 
quantities |e.) and (¢,| indicates unambiguously 
which side of the antenna contains the feed point. 
However, on account of the complicated analytic 
form of |e;| and |e,!, illustrated in eq 32 and 33, a 
complete proof of this statement has not yet been 
found. 


8. Crude Model of an End-Fed Antenna 


lt is perhaps of some interest to mention that we 
have been able in the course of this investigation to 
prove that |e2'/\¢, >1 in the case of a very crude 
model of an end-fed antenna. Consider the radia- 
tion field of a linear current distribution 











I=I,e™“+ RI,e-*, (34) 
whose length is 1, and which is centered at the origin 

0. This distribution consists of a wave travelling 
in the negative z direction and a return wave that 
represents the original wave subjected at —L/2 to a 
complex reflection coefficient R. We shall restrict 
ourselves to the condition |R|<1. The time factor 

has been suppressed. Such a distribution may 
be expected on the basis of rough physical reasoning 
to give radiation patterns similar to those found for 
actual end-fed antennas. This can be seen in more 
detail by considering the well-known radiation 
pattern [11] obtained from the first term of (34) 
pure travelling wave. <A typical pattern is shown 
in figure 12. It will be seen that the main radiation 
is at an acute angle with the direction of the current 
flow. The distribution (34) may be said to give 
rise to two such radiation patterns of unequal magni- 
tude, pointed in essentially opposite directions, and 
superposed (the complex values of F,.¢ are added) 
The resultant pattern may be expected to be very 
much like the actual patterns for end-fed antennas 
In the case of the cylinders, for example, it was 
found some time ago [1] that the patterns can be 
quite ¢c ‘lose ly duplic ated by proper c thoice of R. 

We shall now prove that for this simple model 
¢y|/\e;|>1. It is convenient here to derive E from 
the vector potential A, according to the standard 
equations. Only a 2 component of A is present. 

We have, since 0/0t= jw 


‘ , l 
E jwpA o. 
k € 


A= A, 


where r is the distance between the point P? at which 
we are computing the field and the point z. If P i 
a remote point, 7=rp—z cos 6, where 7 is the distance 
from P to the origin. 

We may replace r in the denominator of the inte- 
grand by 7) but must keep the more accurate ex- 
pression in the exponential factor. We have then 


/ 
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Ficure 12. Power radiation pattern of travelling wave 
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The radiation field, it turns out, is found from the 


first term of (35 


E eg — joop Ao= joy A, sin 0 


“(cos @+1) 
) 


oi 
wul ye *o sin assin 
2aryjk 


cos 6@+-1 


R sin cos @—1) 


cos @ 
The essential part of this is 


(sin A (cos 6+ 1 R sin A (cos 0 
sin @ t 
( cos 6+-1 cos @— 1 
where A=kL/2. 
Now as 6-0, the expression in brackets becomes 
sin 2A 


») 


and as 06-7, we have 


2A 


») 


, sin 


Ki 


where, as we see, ¢, and ¢, are defined as for the spher- 
ical antenna. Q, is a constant. 

We shall now show that {e.)>!e,!. 
taken to be a complex number we write PR 
Then 


Since FP is 


R\e4@, 


+ AIR) cosasin2A (3! 


sin? 2A , : 
{ + Alki 


(a4) 1 IRI), 


cos asin 2A 


which is never negative and is zero only when A 
Thus for this simple model |e.|>\e,|. It 
teresting to note that the general behavior of 
quantity |e,|/\¢,| for this model is rather similar 
that in the case of the spherical end-fed ante ng 
Consider the ratio 


is also 


A?+(|R/?/4) sin? 2A+AlR 


2 
A? R42 24 


cos asin 24 


+ A|R! cos asin 2. 


Examination of this expression shows that 6 has 

the value 1 at A=QO, begins to increase slowly wit! 
increasing A, then increases rapidly and begins t 
oscillate, always remaining greater than 1. If |? 
a constant independent of A, 6 approaches in a 
oscillating manner the asymptotic value 1//R). I 
however, |/?| decreases as A increases, 6 has a co! 
tinually increasing trend with superimposed oscilla- 
tions. This is the type of behavior shown }y 
¢,|/\¢,| for the sphere (and presumably for other types 
of end-fed antennas). It may be noted that if o1 
wished to simulate an end-fed antenna by this crud 
model, it would be in keeping with general ideas o 
antenna radiation to have | decrease with increas. 
ing length of the antenna. A better model woul 
probably have the current wave attenuated gradv- 
ally along the antenna, rather than suddenly at th 
end. 


IV. Current and Admittance 


Having discussed the radiation field in some detail 
we now consider questions of admittance and current 
The admittance presented to the applied voltage is 
determined by the value of the current at the fee 
point. Since we have postulated a perfectly con- 
| ducting antenna, there will be at the surface a dis- 
continuity in /7, and a corresponding surface current 
density J», related to 7, at any point on the surface by 

J H,!\, 
The direction of current flow is along meridian lines 
The total current /, at colatitude @ is 
2ra sin OJ 2ra sin H,),-~4 


I, 


Using (4a) and (9), we find 


I,=2ra sin OjweV >) A» 
n=l 





H®. (ka) 
1/2 (ka) kaH 2: 


Pp! (cos @) 
1/2) (ka) F 


nH? 


>} Inn), 
n=1 





vere Jg(n) is the partial current associated with 
nth mode. Rearranging (43) a bit, this takes 
form 


2ra sin 6J4(n) 


Ver , a 
a(n,@)K(n,ka)P! (cos 6) sin 6, 


Zo 
] WE € 
Zo k Ni 


Ki(n,ka n H® (ka) 


ka H.,.(ka) 


lhe relation between each partial current and the 

° corresponding partial radiation field E,,¢(n) is 
SC1lila- 
vn by 
r types 
if on 
, crude 


I, n) / 


27a sin 0 


kr 2 
\ 2ka ; ' 
97.07 He?) 2(ka) Eyaa(n). 
eas 01 (48) 
nereas- 
wouk a relation that is independent of the excitation 
gracdu- function a(n,@). This relation means that the nth 
current mode is associated with or ‘‘causes’”’ a cor- 
responding nth radiation mode, independenily of 
any other modes which, as a result of a particular 
form of excitation, may be present. 


Defining the admittance Y as 


detail ~~ Y(n) Tey 

urrent a=1 J 

tage Is 

ac fee I, (7) 

Vy con- . S* Vin - a 

a dis- n=l \ 

‘urrent - 

face by ws 7 a n,O)K(n,ka)P* (cos 0) sin 4p. (49) 


n 


(41 es 
an infinite 


We see that the applied voltage ‘“‘sees”’ 
number of partial admittances in parallel. 
The real and imaginary parts of the function 
K(n,ka), which represents the effect of the size of 
the sphere in the expressions for current and ad- 
mittanee are plotted in figure 13 for the first few 
We note that for a given value of ka, 
values of n appreciably greater than ka all contribute 
only negligibly to Re:A(n,ka), whereas in the case 
of /m:K(n,ka) the contributions of the higher modes 
fall off only slow ly with increasing n. This is related 
to the fact that, as we have seen, the radiation field 
is determined by only a relatively small number of 
modes; the part of Y that accounts for the radiation 
s the real part of conductance C. On the other 
hand, the part of the field that is reactive, rather 
than radiative, is associated with the imaginary part 
)”, the susceptance S. 


n lines 


modes. 


Upon examining the series (49) for current and 
admittance, it is found that this series is divergent. 
(Therefore for 6=@ (44) is divergent]. Using for 
a(n,@) the expression (15) referring to the delta- 
function excitation, we have 


. x 2n . i] 
) >» P? (cos 6)] sin? 6, = . 
12, 2n(n-4 i ; n H®., ka) 


ka H2®.,,.(ka) 


(50) 


Using the expressions (20) and (18), one finds 
that for sufficiently high n the general term of the 
series approaches 


(2n+1)ka , i | eo - 
: -- i cos*  ( n- 5) %+7 SIN “Ap. (51) 
solt\ht > ) o 


Consider the series whose nth term is the expression 
(51). We shall show that for the infinite set of 
values of % given by 


Pp : 
(Dp tever > Dp) 
q p,q mteger, q P), 


O,=25 
the series diverges. For our purposes, this is a 
sufficient indication of divergence over the range 
of %. 
The cos’ factor, which is nonnegative, will repeat 
itself when n increases by g. Now 
such that 


choose ‘i r 


cos* ( rts Jor+5 | e >@. 


Then, considering only the values of n given by 


) 


Tq, r+ 2q, ete., 
we examine the series 


2(r t 2q) ; 


1* (r+2q)(r+2q 


Dividing the nth term u, of the series by 
(Raabe’s test [12]), we find 


U, ] l 
=1+-+0(-5); 
u,+1 n n- 
showing that (52) is divergent. Therefore the series 
whose general term is (51) aiso diverges. The higher 
order terms in (20) and (18), which have been 
neglected in writing down (51), do not alter this 
conclusion. Thus the series for the admittance Y 
does not converge. It is to be noted, however, that 
it is the imaginary part of ), the susceptance S, that 
diverges. The real part, the conductance C’, con- 
verges rapidly, as implied above. 
The nonconvergence of S is 
function excitation that has 


delta- 
The 


due to the 


been assumed. 
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susceptance becomes that of an infinite capacity, | the value sin % (or some other average value). 
which is understandable; concentrating the applied | then have 
force E’ along a line at @=@ is equivalent to main- 
taining a potential difference across an infinitesimal (2n+1) sin &T,, Aé 
gap at @=@. The infinitesimal gap has infinite a(n, 69) anin+1)A6 [ Pa 008 ( 0- . )- 
capacity. (This gap terminology, represents, as J.C , 
Slater [13] has pointed out, another way of interpret- Ae 
ing physically the type of boundary condition we are P,, cos ( %+ 9 )} 
using, [explained in Part Il]. In this approach, one ' ? 
considers that the driving field is applied tangentially 
across a small gap at the surface of the sphere and 
that solutions of the wave equation are being sought 
such that the tangential electric field will reduce to 
the applied field across the gap and to zero every- 
where on the metallic surface 
When the field £”’ is considered to be applied 
across a finite region, the high order terms in a(n, 
decrease much more rapidly than in (11), which is for 
the infinitesimal case. For example if £’ is constant 
V/adé@ over a small finite zone Aé@ centered at 4%, 
then our general expression (7) for a(n,0)) reduces to 


For the first few values of n this reduces very closely 
to (11). 

For high values of n, where the functions P! (cos ¢ 
vary appreciably over the zone A@, (55) begins to 
differ from (11). The asymptotic behavior of (55 
for large n now makes the series (49) converge. W, 
find {8} that the n dependence of P, (cos @) for th 
large n is n~'/? instead of n'”? for P! (cos @) as in (20 
It is easily seen that this change will make the } 
series converge. 

This discussion indicates that the theoretical re- 
sults for radiation field and conductance obtained 
. with the delta-function excitation will not differ ap- 

" P® (cos 6) sin 6dé preciably from the results for a finite A@. This im- 
2n(n+1)A@ Jeo-(a0/2) ” portant conclusion is paralleled in the experimenta 
field, where it is rather well known that the radiation 
pattern and radiation conductance of an antenna ar 


2n+1 
avn,@ 


2n l 


46/2 / 
r. (cos @) sin 6d@e 


(54) 2.8 





Qn lin | sh 74/2 dé . 


For small Aé@, it will be sufficiently accurate in (54 26 
to take sin @ outside of the integral sign and give it 
24 
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Ficure 13 K(n,ka) as a function of ka jor several values of n Ficure 14 Radiation conductance, C, as a function of @ 


A, real part; B, imaginary part several values of ka, 
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ry little affected by the size of the gap. The present 

ork indicates in a sense the “reason”’ for this. It 

30 tends to show that the idealized delta-function 

proach is capable of finding answers for radiation 

tterns and conductance that will agree with those 

sind experimentally. On the other hand, the diverg- 

ce of the imaginary part of the admittance indicates 
that these calculations do not throw too much light 
on the values of the susceptance that may be expected 
in practice. The values of this quantity, as is also 
well known experimentally, depend very much upon 
the details of the feed. Antenna calculations such 
as those in the present report severely schematize the 
feed conditions, so they cannot be expected to yield 
much information on susceptance. 

\s discussed above, we cannot plot the susceptance 
but confine ourselves to drawing graphs of the con- 
duetance, C, (fig. 14). We could, of course, attempt 
to plot the sum of the first m partial susceptances, 
where m is a number such that the contributions 
ibove m would not be appreciable when Aé@ is finite, 
and so that the contributions below m would not be 
altered appreciably when A@is finite. This, however, 
is difficult because the high-order terms fall off ex- 
tremely slowly. There are some qualitative conclu- 
sions about susceptance we can draw from the equa- 
tions (47, 49, 50, and 55), and graphs (fig. 13). For 
ka considerably less than 1, the admittance will be 
primarily a capacitative susceptance, the conductance 
being small compared to the susceptance. For in- 
finitesimal A@ we see that the susceptance for a sphere 
of any size is always capacitative. For small but 
finite A@, this will in general still be true, except pos- 
sibly for ka very large. 

The general trend of C, as disclosed in figure 14, 
is to start with the value zero at ka=0, rise rapidly, 
and then go through 0, 1, 2, or more secondary 
maxima (the number depending upon ka) before 
reaching its value at @=—90 The trend near 
40 is of interest. From eq 50 we find that this 
trend is as 6). This is perhaps the first time in 
the literature that such a problem has received a 














BO 
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lowest five modes of applied field, for 
ka=2 and &=45 


clear-cut answer. The corresponding question for 
wire antennas has, it is believed, not yet been solved. 

For relatively small spheres, ka<.1, the trend of 
C is very closely as sin‘@ for all positions of the feed 
point. The reason for this is that the first mode 
that gives sin*@ exactly, accounts for most of the 
conductance (and radiation). 

The secondary maxima found for the larger 
antennas are of interest. Since for a given applied 
voltage Ve’*' the time-average power radiated is 
1/2 V°C, that is, proportional to C, we find in some 
cases that one gets more radiated power for a given 
voltage by feeding the antenna off center than for 
center feed. The local stationary regions on the 
C-vs-@ curve indicate locations on the antenna 
where the value of C is not sensitive to the location 
of the feed point. 

In general, we see that keeping % constant while 
increasing ka, increases (. There are several quite 
stationary spots on the C-vs-ka curve for given @, 
For @=90°, C is very flat from kKa=1 1/4 to ka=2. 
For 6)=60°, we find such a flat region for ka=2 to 3, 
and for 45°, Cis virtually constant for ka=3 to 5 

Some or all of the above features are probably to 
be found, qualitatively, even for nonspherical asym- 
metrically fed antennas. Experimentally (and the- 
oretically), however, this seems to be a virtually 
unexplored field. 

It may be noted that the first few modes into which 
the applied field is analyzed, which, as we have seen 
are primarily responsible for the form of the radia- 
tion pattern and the amount of radiated power, 
represent, when summed, a field that is very far 
from being localized at the “feed point’. That is, 
we may say that this distributed applied field pro- 
duces essentially the same radiation as the concen- 
trated applied field. An example of this is shown in 
figure 15, which shows the sum of the first five modes 
of the applied field for ka=2 and @=45 These 
modes account for practically all the radiation and 
determine the shape of the radiation pattern. The 
higher modes are associated with reactive compo- 
nents of the field that are localized near the antenna 
and whose importance is in meeting the boundary 
conditions at the antenna, including feed condi- 
tions. Similarly the current on the antenna that 
is associated with the first few modes and that may 
be considered ‘responsible’ for the radiation, is 
very much different from the total current, which 
includes the higher reactive modes used in satisfy- 
ing the local conditions. 


V. Conclusions 


An idealized treatment of the asymmetrically fed 


spherical antenna has been given that produces 
detailed results for the radiation properties as a func- 
tion of size of antenna and location of the feed point. 
Reasons are given for believing that the idealization 
of the feed conditions does not prevent the theory 
from giving experimentally pertinent answers for 
the radiation properties. Some of the features show 
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qualitative agreement with experimental work on 
nonspherical antennas. The theory should be use- 


ful as a rough guide for experiments with other types 
of asymmetrically fed antennas, particularly those 
whose ratio of diameter to length is fairly large. 
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